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ii



Contents

1 Introduction 1

2 K0
L → π0νν̄ — Theoretical Motivation 4

2.1 Standard Model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Beyond the Standard Model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Theoretical Summary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10

3 Overview of theK0
L → π0νν̄ Measurement Technique 12

4 AGS Modifications 17
4.1 Motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .17

4.1.1 Microbunch Width. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .17
4.1.2 Microbunch Separation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .17
4.1.3 Interbunch Extinction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .18

4.2 General Requirements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .18
4.3 Primary Beam Parameters for KOPIO. . . . . . . . . . . . . . . . . . . . . . . . . . . . .19
4.4 Intensity Upgrades. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .19

4.4.1 Booster Modifications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .19
4.4.2 AGS Modifications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .20

4.5 Switchyard Modifications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .20
4.6 KOPIO-Specific Microbunching Modifications. . . . . . . . . . . . . . . . . . . . . . . . 21

4.6.1 Extraction RF Cavities: 25 MHz and 100 MHz. . . . . . . . . . . . . . . . . . . . 21
4.6.2 Injection Systems Kicker Magnets. . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5 Neutral Beam 25
5.1 Primary Proton Beam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .25
5.2 The KOPIO Neutral Beam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .27

5.2.1 The Spoiler. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .29
5.2.2 Sweeping Magnets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .30
5.2.3 Collimators. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .31

6a Preradiator 33
6a.1 Performance Requirements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .33
6a.2 Design Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .33
6a.3 Performance Simulations and Measurements. . . . . . . . . . . . . . . . . . . . . . . . . 34
6a.4 The PR Detectors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .35

6a.4.1 Drift Chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .35
6a.4.2 Scintillators. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .37
6a.4.3 External Photon Veto. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .41
6a.4.4 Module Construction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .41
6a.4.5 Module Support and Installation. . . . . . . . . . . . . . . . . . . . . . . . . . . .42

6a.5 Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .46
6a.5.1 Anode Electronics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .47
6a.5.2 Cathode Electronics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .48
6a.5.3 Scintillator Electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .50
6a.5.4 Control and Cooling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .51

iii



6b Calorimeter 54
6b.1 KOPIO Shashlyk Module.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .55

6b.1.1 Simulation of the Shashlyk Calorimeter. . . . . . . . . . . . . . . . . . . . . . . . 55
6b.1.2 Methods to Improve Energy Resolution. . . . . . . . . . . . . . . . . . . . . . . . 58

6b.2 Design of the Calorimeter Module. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .58
6b.2.1 Improvement of the module geometry. . . . . . . . . . . . . . . . . . . . . . . . . 59
6b.2.2 WLS fibers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .61
6b.2.3 Scintillator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .61
6b.2.4 Photodetector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .63

6b.3 Experimental Study of Prototype Modules. . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6b.3.1 Energy Resolution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .69
6b.3.2 Time Resolution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .70
6b.3.3 Photon Detection Inefficiency. . . . . . . . . . . . . . . . . . . . . . . . . . . . .71
6b.3.4 Long-term APD Stability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .72

6b.4 Mass Production of the Shashlyk modules. . . . . . . . . . . . . . . . . . . . . . . . . . . 72
6b.5 Calorimeter Mounting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .73
6b.6 Calorimeter Cooling System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .73
6b.7 Calorimeter HV System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .74
6b.8 Calorimeter Front-End Electronics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .74
6b.9 Calibration and Monitoring of Calorimeter. . . . . . . . . . . . . . . . . . . . . . . . . . . 75

6b.9.1 Pre-calibration System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .75
6b.9.2 Monitoring System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .75

6b.10Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .76

6c KOPIO Photon Veto System 78
6c.1 Barrel Veto Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .79

6c.1.1 Barrel Shashlyk Concept. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .79
6c.1.2 Optimization of BV Shashlyk Modules. . . . . . . . . . . . . . . . . . . . . . . . 79

6c.2 Log Veto Detectors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .85
6c.2.1 Log Sandwich Design Issues. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .85

6c.3 Tests of Log Sandwich Modules. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .87
6c.3.1 Design of the Tested Modules. . . . . . . . . . . . . . . . . . . . . . . . . . . . .87
6c.3.2 Evaluation of Log Veto Performance. . . . . . . . . . . . . . . . . . . . . . . . . . 91
6c.3.3 Conceptional Design for the Photon Veto Log Detectors. . . . . . . . . . . . . . . 93

6c.4 Readout and Electronics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .94

6d Charged Particle Veto 98
6d.1 Purpose. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .98
6d.2 Requirements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .98
6d.3 Description of the System to be Built. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .99
6d.4 Fundamental Limitations to the Detection Efficiency of Charged Particles. . . . . . . . . . 99
6d.5 Detector R&D. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .102
6d.6 Detector Concepts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .104

6d.6.1 Barrel CPV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .105
6d.6.2 Downstream CPV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .107
6d.6.3 Front-end Electronics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .108

iv



6e Beam Catcher 109
6e.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .109
6e.2 Aerogel Catcher. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .110

6e.2.1 Conceptual Design. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .110
6e.2.2 Base Design of the Aerogel Catcher. . . . . . . . . . . . . . . . . . . . . . . . . .110
6e.2.3 Experimental Study of Prototypes. . . . . . . . . . . . . . . . . . . . . . . . . . .112

6e.3 Guard Counter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .114
6e.4 Expected Performance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .117

6e.4.1 Efficiency for Photons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .117
6e.4.2 Response to Neutrons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .119
6e.4.3 Response to Neutral Kaons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .121
6e.4.4 Responses to Beam Photons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .123

6e.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .123

6f Photon Detection Inefficiency 124
6f.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .124
6f.2 Sources of photon detection inefficiency. . . . . . . . . . . . . . . . . . . . . . . . . . . .124

6f.2.1 Sampling fluctuations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .124
6f.2.2 Punch-through. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .126
6f.2.3 Photonuclear Interactions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .126

6f.3 E949 Measurements of Photon Detection Inefficiency. . . . . . . . . . . . . . . . . . . . .126
6f.4 FLUKA Simulation of E949 Photon Veto. . . . . . . . . . . . . . . . . . . . . . . . . . .128
6f.5 Estimation of KOPIO Photon Detection Inefficiency. . . . . . . . . . . . . . . . . . . . . .128
6f.6 Future Work. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .131

7 The Vacuum 132

8 Photodetector Electronics 135
8.1 Photosensor Mounted Systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .135

8.1.1 HV System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .135
8.1.2 LV System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .136
8.1.3 Preamplifier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .136

8.2 Calibration and Monitoring System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .136
8.2.1 Pre-calibration System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .137
8.2.2 Monitoring System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .138

8.3 Readout System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .139
8.3.1 Wave Form Digitizers (WFD). . . . . . . . . . . . . . . . . . . . . . . . . . . . .140
8.3.2 Crate Data Collectors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .141

9 Trigger 144
9.1 Introduction and Requirements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .144
9.2 Trigger Simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .145

9.2.1 Simulation programs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .145
9.2.2 Trigger conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .146
9.2.3 Efficiencies and rates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .148

9.3 Trigger Architecture Overview. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .149
9.4 L1 Trigger. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .150

9.4.1 Trigger outputs of the photodetector digitizers (WFD). . . . . . . . . . . . . . . .151
9.4.2 Collector Boards. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .152
9.4.3 Logic Modules. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .153

9.5 Trigger Supervisor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .155

v



9.6 Clock System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .156

10 Data Acquisition and High-Level Trigger 157
10.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .157
10.2 Event Builder. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .158
10.3 Level 3 Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .159

10.3.1 Requirements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .159
10.3.2 Initial Look at Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .159

10.4 Level 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .160
10.5 Online Software. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .161
10.6 Open Issues and Near-term R&D. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .161

11 Offline Computing 163
11.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .163
11.2 Offline Compute Farm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .163
11.3 Offline Software. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .164

11.3.1 Software Framework and Components. . . . . . . . . . . . . . . . . . . . . . . . .164
11.3.2 Simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .165
11.3.3 Event Reconstruction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .165

12 Conventional Systems and Integration 167
12.1 Installation and Integration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .167
12.2 Conventional Utilities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .167
12.3 Protection and Safety. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .167

13 Signal and Background Estimates 175
13.1 Tools. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .175
13.2 Flux Assumptions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .175
13.3 Veto Inefficiency and Resolution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .176

13.3.1 Photon Veto Inefficiency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .177
13.3.2 Charged Particle Veto Inefficiency. . . . . . . . . . . . . . . . . . . . . . . . . . .178
13.3.3 Detector Resolutions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .179

13.4 Detection Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .180
13.5 Background Mechanisms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .180
13.6 Backgrounds due toK0

L Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .180
13.6.1 K0

L → π0π0 Background. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .181
13.6.2 K0

L → π0π+π− Background. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .186
13.6.3 K0

L → π±e∓νγ Background. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .186
13.6.4 K0

L → π0π±e∓ν Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . .186
13.6.5 K0

L → γγ,K0
L → π0π0π0, andK0

L → π0γγ Backgrounds. . . . . . . . . . . . . .188
13.7 Candidate Event Selection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .188
13.8 Other Potential Backgrounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .202

13.8.1 Background fromΛ → π0n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .202
13.8.2 Background fromK0

S Decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . .202
13.8.3 Background from Charged Kaons in the Beam. . . . . . . . . . . . . . . . . . . .202
13.8.4 Background fromK0

L → K±e∓ν . . . . . . . . . . . . . . . . . . . . . . . . . . .203
13.8.5 Background fromπ± → π0e±ν . . . . . . . . . . . . . . . . . . . . . . . . . . . .203
13.8.6 Background from Neutrons. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .205
13.8.7 Background from Antineutrons. . . . . . . . . . . . . . . . . . . . . . . . . . . .206

13.9 Signal Losses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .206
13.10Summary of Signal and Backgrounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . .210

vi



13.11Parameter variations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .210

14 Additional Physics Goals 216
14.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .216
14.2 K0

L → π0X andK0
L → π0π0X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .216

14.3 Radiative Decays:K0
L → γγ,K0

L → γγ∗,K0
L → γ∗γ∗,K0

L → γγγ . . . . . . . . . . . . .217
14.4 K0

L → π0γγ andK0
L → π0π0γ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .218

14.5 K0
L beta decay,K0

L Lifetime, and Taggedπ0 Decays . . . . . . . . . . . . . . . . . . . . .219

15 Operations Plan 221

16 Summary 222

vii



List of Figures

1.1 Five-σ upper and lower exclusion limits versus the fractional running time for the KOPIO
experiment. The models listed start to be constrained at the levels indicated by the horizontal
lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3

2.1 The leading electroweak diagrams inducingK0
L → π0νν̄. . . . . . . . . . . . . . . . . . . . 4

2.2 The unitarity triangle.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 Expected relative error onB(K0

L → π0νν̄) versus the fraction of the full KOPIO run, as-
suming the central Standard Model branching ratio.. . . . . . . . . . . . . . . . . . . . . . 6

2.4 Upper plot: standard UT fit compared to the band resulting from the central experimental
value of B(K+ → π+νν̄). Lower plot: UT from 10% measurements of charged and neutral
K → πνν̄ at currently predicted values. Also lines corresponding to different values of
these branching ratios (from Ref.[4]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.1 Elements of the KOPIO concept: a pulsed primary beam produces low-energy kaons whose
time-of-flight reveals their momentum when theπ0 fromK0

L → π0νν̄ decay is reconstructed.13
3.2 Plan and elevation views of the KOPIO detector.. . . . . . . . . . . . . . . . . . . . . . . . 14
3.3 Two events simulated by GEANT3:

(a) both photons from theπ0 → γγ decay converted in the Preradiator,
(b) one photon converted in the Preradiator and the second photon was detected in the Barrel
Veto calorimeter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .16

3.4 Reconstructedπ0 kinetic energy squaredT ∗2π vs. the log of the apparent missing energy
ln(Emiss) for signal (left) and background (right). Whereas the signal events show an ap-
proximately constant distribution over the allowed phase space, backgrounds are concen-
trated in a lowT ∗2π region populated byK0

L → π−π+π0 decays and a highT ∗2π region
populated byK0

L → π0π0 decays. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .16
4.1 Kaon momentum distribution in MeV/c for KOPIO. . . . . . . . . . . . . . . . . . . . . . . 17
4.2 Kinematic rejection of the reconstructed pion inK0

L → π0π0decays. (a) shows the recon-
structed pion momentum in the kaon rest frame versus the energy difference between the two
photons. (b) shows the same reconstructed pions when the kaon is produced 10 nanoseconds
earlier than the microbunch time. This timing shift causes the background events to fall in the
middle of the signal region, making kinematic rejection impossible. The colors are contours
in event density, running from most dense (black) to least dense (yellow).. . . . . . . . . . 18

4.3 Measured and simulated microbunch time distributions for a 93-MHz RF cavity operating
at 22 kV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .22

4.4 Log plot of the time structure of microbunches extracted from the AGS. The horizontal axis
is the event time (in nanoseconds) of the arrival of an antiproton at the detector telescope,
relative to an RF pulse. A possible interbunch event can be seen at the far right-hand side
of the plot. The 225-ns spacing of the three visible microbunches is characteristic of the
4.5-MHz RF cavity.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .23

5.1 Current AGS switchyard.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .25
5.2 AGS switchyard for RSVP.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .26
5.3 Beam transport envelope. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .27
5.4 Floor layout of the KOPIO detector.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .28
5.5 Photon energy distributions accepted in the neutral channel for spoiler thicknesses of 0 cm

(blue), 5 cm (red), and 7 cm (green).. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .29
5.6 K0

L momentum distribution at the entrance to the decay tank.. . . . . . . . . . . . . . . . . 30
5.7 Vertical position of charged kaons atz = 1000 cm (left) andz = 1400 cm (right). . . . . . . 31
5.8 The collimators in elevation view (left) and plan view (right). The lines indicate the deter-

mination of the vertical (left) and horizontal (right) downstream collimation surfaces.. . . . 32
5.9 Neutron intensities for four collimator aspect ratios that provide the same acceptance.. . . . 32

viii



6a.1 Simulated photon angular resolution from smeared GEANT tracks at incident photon en-
ergies of 350, 250 and 150 MeV. The vertical axis is the estimated resolution in photon
angle projected on one plane in milliradians, and the horizontal axis is the photon angle of
incidence in radians. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .35

6a.2 Angular resolution measurements with tagged photon beams at normal incidence to a radi-
ator stack with all wire planes parallel to each other. The plots at the top row are for angles
projected in one coordinate plane by using only anode information, and those on the bottom
in the orthogonal coordinate by using only cathode information. The plots in the first column
are for Eγ = 150 MeV, and the second for Eγ = 250 MeV. . . . . . . . . . . . . . . . . . . 36

6a.3 Left panel: The KOPIO Preradiator consisting of four quadrants surrounding the wide kaon
beam line. The support legs (hangers) are shown below (above) the assembly. Right panel:
One of the eight mechanically independent PR Modules that make up each quadrant. (One
of the largeL-shaped support plates is removed for visibility.) The large flat area is the
scintillator/drift-chamber sandwich. It is surrounded by the Shashlyk modules of the EPV
system, which are in turn surrounded by the six electronic crates for the chamber readout.. 37

6a.4 Details of the design of the PR cathode-strip drift chambers. The upper (lower) panel shows
the inner corner proximal to (outer corner distal from) the beam axis. The inner corner
includes the WLS fibers from the scintillator layer just behind the chamber, between which
are the numerous ground contacts for interconnecting the ground planes of all the chambers
in a module.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .38

6a.5 Drift cell isochrones separated by 2 ns of drift time in an Ar/ethane (50/50) gas mixture.. . 39
6a.6 The upper panel shows the arrangement of drift chambers surrounding a cathode-strip drift

chamber that was used to obtain the results shown in the lower panel, which is the tracking
residual of a single cathode-strip plane as a function of incident angle, using cosmic-ray
muon tracks defined by four anode planes on either side. The function fitted to the angular
dependence of the widths of the Gaussian shapes describing the residual distributions is
σ2 = σ2

0 + (σθ tan θ)2, whereσ0 = 220± 10 µm andσθ = 573± 4 µm. . . . . . . . . . . 40
6a.7 A prototype drift chamber with 2-m-long cathode strips.. . . . . . . . . . . . . . . . . . . 41
6a.8 An example of a polystyrene scintillator plank that was extruded with six 1.4 mm diameter

holes for WLS fibers.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .42
6a.9 Conceptual design of a lower-quadrant PR module mounted on its support system. The

scintillator/detector stack fits between the reinforcing webs of the vacuum vessel shown
at the top right. The array of EPV Shashlyk modules surround the detector stack, and WLS
fiber bundles pass over the Shashlyk modules from the stack to PMTs behind those modules.
Cooling air-flow paths are shown through the six chamber readout crates mounted along the
outer two edges of the support frame.. . . . . . . . . . . . . . . . . . . . . . . . . . . . .43

6a.10Elevation view of the conceptual design for the installation of the PR modules in the KOPIO
Experiment. Removal or installation of the entire lower-right 8-module quadrant as a unit is
shown, while the lower left shows the same operation for a single module, which must be
slightly lowered for this movement to clear cables, etc.. . . . . . . . . . . . . . . . . . . . 44

6a.11Plan views of the conceptual design for the installation of the PR modules in the KOPIO
Experiment. The upper (lower) panels show sectional views through the upper (lower) quad-
rants, while removal of a single module (quadrant) is shown on the left (right). The support
frame from which the upper quadrants hang is itself supported on the four pillars shown in
rectangular outline most visibly in the lower panel, two outside of the downstream end of
the Barrel Veto, and two downstream of the Calorimeter location.. . . . . . . . . . . . . . 45

6a.12Plan view of the conceptual design of the PR installation in the context of the rest of the
KOPIO subsystems in the experimental hall.. . . . . . . . . . . . . . . . . . . . . . . . . 46

6a.13The pit needed in the floor of the experimental hall for installation and servicing of the lower
PR quadrants.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .47

ix



6a.14Wire chamber readout scheme.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .48
6a.15A readout crate for the PR chambers, containing four 96-channel TDC cards for the anode

wires, four 96-channel ADC cards for the cathode strips, and one collector card.. . . . . . 49
6a.16Functional diagram of the anode readout card.. . . . . . . . . . . . . . . . . . . . . . . . 50
6a.17Tested prototypes of readout cards for the anode wires (left) and cathode strips (right).. . . 51
6a.18Functional diagram of the cathode readout card.. . . . . . . . . . . . . . . . . . . . . . . . 52
6a.19The Slow Control data path. The Chamber Collector card hosts the slow control processor

for the eight readout cards in that crate.. . . . . . . . . . . . . . . . . . . . . . . . . . . .52
6a.20The prototype electronics crate that was used for cooling tests.. . . . . . . . . . . . . . . . 53
6b.1 A sketch view of the KOPIO Photon Calorimeter.. . . . . . . . . . . . . . . . . . . . . . . 54
6b.2 The light collection efficiency of scintillation light from a scintillator plate for green light

in WLS fibers versus the thickness of scintillator plate. The circles are for experimental
data with optical contact between fibers and scintillator, the stars are for experimental data
without optical contact, and the curves show the optical model simulation.. . . . . . . . . . 56

6b.3 Relative light output for different diameter KURARAY Y11 fibers compared to a 1.0-mm-
diameter fiber. The solid line is an optical model calculation.. . . . . . . . . . . . . . . . . 56

6b.4 Calorimeter response and energy resolution as a function of lead and scintillator plate thick-
nesses and number of layers. It is assumed that the calorimeter consists of 6000 layers of
0.35-mm lead and 1.5-mm of scintillator unless otherwise noted in histograms.. . . . . . . 57

6b.5 The simulation of the light response function of the Shashlyk module at the entrance of
the photodetector for a 250 MeV photon. The simulated signal in a Wave Form Digitizer if
APD/Amplifier/Cable time-response function is taken into account is shown by dashed line.57

6b.6 A Shashlyk module assembly is shown in the left picture. The module design in shown in
the right picture.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .58

6b.7 The dependence of the light collection efficiency on thex-coordinate of the point-like light
source. Solid lines are the simulations for the specified reflection efficienciesεR of the wrap-
ping material. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .60

6b.8 The effective attenuation of the light in the fibers of Shashlyk module. Experimental data
(marks) are fit by the exponential dependenceexp (−x/L) (solid lines), wherex is the
distance to the PMT andL is the effective attenuation length. Measurements were made
with a muon beam.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .60

6b.9 The parametric dependence of the light collection efficiency on the effective attenuation
length due to the reflection efficiency. The solid line is the result of a calculation based on the
model of Ref.[6]. The experimental results are taken from Table6b.3. For each scintillator,
the calculated reflection efficiency is displayed.. . . . . . . . . . . . . . . . . . . . . . . . 62

6b.10Comparison of a light-yield spread for the scintillator tiles used in 1998 (bottom) and 2003
(top) Shashlyk modules prototypes.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .62

6b.11The closed circles and solid line are the measured emission spectra of the BASF143E-based
scintillator. The dashed line is the absorption spectrum of KURARAY Y11(200)MS WLS
fibers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .62

6b.12A quantum efficiency of the various APDs and 9903B PMT versus the light wavelength. An
emission spectrum of the Kuraray Y11200MS WLS fiber (a solid green line) is shown in the
same picture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .65

6b.13The APD excess noise factor versus the APD gain for various pre-selected APDs.. . . . . . 65
6b.14The APD dark current densities as a functions of the APD gains for the various pre-selected

APDs. KOPIO data.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .66
6b.15Equivalent Noise Charge (ENC) versus the input capacitance for some fast Charge Sensitive

Amplifiers. Integration time was100 ns in all measurements.. . . . . . . . . . . . . . . . . 66
6b.16Equivalent energy noise of an APD/amplifier chain versus the APD gain for various envi-

ronment temperature.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .66

x



6b.17PMT-9903B (left) and APD-630-70-74-510 (right) responses to the short light pulse. The
duration of the light pulse is about 3 ns. The intensity of the light pulse is about 40,000
photons which corresponds to the 700-MeV photon signal.. . . . . . . . . . . . . . . . . . 67

6b.18View of an APD unit.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .68
6b.19The functional scheme of an APD charge sensitive amplifier.. . . . . . . . . . . . . . . . . 68
6b.20A typical response of the nonet of Shashlyk modules to 340-MeV photons.. . . . . . . . . . 69
6b.21Comparison of the experimental (marks) and simulated (lines) energy spectra in the Shash-

lyk nonet with the APD+WFD readout.. . . . . . . . . . . . . . . . . . . . . . . . . . . .69
6b.22Energy resolution of a prototype of the Shashlyk Calorimeter for KOPIO.. . . . . . . . . . 70
6b.23The energy resolution of nonets of modules versus energy of the electron.photon beam for

configurations described in the figure. The lines show the results of simulation.. . . . . . . 70
6b.24The typical distribution of photon energy in the nonet of the Shashlyk modules during timing

measurements. Here, 340-MeV photons hit the nonet at a boundary between central (#5) and
left (#4) modules.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .71

6b.25Experimental evaluation of the time resolution of a Shashlyk module. Solid line is a calcu-
lation for a90 ps/

√
E (GeV) time resolution in both modules.. . . . . . . . . . . . . . . . 71

6b.26Results of a Monte Carlo calculation of the time resolution of the Shashlyk module for
photon, electron, and Minimum Ionizing Particles (MIP). The solid line corresponds to a
(90 ps)/

√
E (GeV) time resolution, which has been obtained in a similar Monter Carlo

simulation of the test beam measurements.. . . . . . . . . . . . . . . . . . . . . . . . . . 71
6b.27The dependence of the photon detection inefficiency on the incident angle.. . . . . . . . . . 72
6b.28Illustration of the long-term stability and gain dependence on the rate for the APD readout

of the Calorimeter prototypes. The beam intensity was 300 kHz.. . . . . . . . . . . . . . . 72
6b.29Calorimeter structure in closed and opened positions.. . . . . . . . . . . . . . . . . . . . . 73
6b.30A sketch of the cooling unit.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .74
6c.1 Positions of the photon veto detectors along the beam. The Magnet Photon Veto is mounted

inside the D4 sweeping magnet, which is placed behind the Calorimeter.. . . . . . . . . . . 78
6c.2 Cylindrical Barrel Veto assembled from 840 Shashlyk modules. Shashlyk rings of 2.5-m

inner diameter are shifted in the azimuthal plane relative to neighboring rings so as to close
the gaps in polar angles between modules.. . . . . . . . . . . . . . . . . . . . . . . . . . . 80

6c.3 Prototype Shashlyk module for the photon Barrel Veto.. . . . . . . . . . . . . . . . . . . . 81
6c.4 “Pass-through” and sampling inefficiencies vs. the lead-layer thickness at fixed module ra-

diation length, and with 1.5-mm-thick scintillator tiles. Photons of 20 MeV are incident at
an angle of 30◦ with respect to the normal to the surface.. . . . . . . . . . . . . . . . . . . 82

6c.5 “Pass-through” inefficiencies vs. the energy of normally incident photons for different radi-
ation lengths. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .83

6c.6 Total photon inefficiency (without photonuclear interactions) in the BV with a realistic kaon
beam model and parameters as described in the text. The detection threshold is 0.5 MeV.
The solid line is the inefficiency expected for the KOPIO detectors in Sec.6f. . . . . . . . . 84

6c.7 Integral photon detection inefficiency in the BV versus the size of the empty gaps between
the Shashlyk modules.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .85

6c.8 Schematic view of a veto sandwich module.. . . . . . . . . . . . . . . . . . . . . . . . . . 86
6c.9 Light yield along the sandwich modules. The outermost points were taken at a distance of

25 cm from the module edges. The attenuation curves were fitted with the functionA =
As · exp(− x

Ls
) +AL · exp(− x

LL
). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .89

6c.10The light yield of the first sandwich module over a period of years. The errors are determined
by systematics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .90

6c.11Light yield for each end of the second module versus its sag (left plot); rate of module
bowing (right plot). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .90

xi



6c.12Time resolutions obtained at the centers of sandwich modules. The combination (TDCleft

- TDCright)/2 was used to make the timing spectra for the modules. The half-sum of these
spectra produced a time resolution of 235 ps. The TDC scale is 50 ps/ch.. . . . . . . . . . . 91

6c.13Time resolution (rms) vs. light output. TDC1 and TDC2 are the ends of the first module,
TDC3 and TDC4 are the ends of the second module.. . . . . . . . . . . . . . . . . . . . . 92

6c.14Time resolution (rms) measured at the center of the first module over several years. The
points fluctuate around 300 ps within the time-fitting error.. . . . . . . . . . . . . . . . . . 92

6c.15A view of the Upstream Veto wall made of 132 modules. Central modules are cut the for
beam entrance.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .94

6c.16Location and segmentation of the Downstream Veto. Simulated volumes are shown.. . . . . 95
6c.17D4 magnet region, where the Magnet Photon Veto is located.. . . . . . . . . . . . . . . . . 96
6c.18Waveform of a typical signal from a Shashlyk module recorded with a 5 GHz oscilloscope

(black). Red color marks a signal reconstructed at 250 MHz sampling rate.. . . . . . . . . . 97
6c.19χ2 versus the sampling rate.χ2 was calculated as a fit of the reference signal with a signal

waveform reconstructed at a smaller sampling rate. Reference signal was recorded at 5 GHz.
Waveform was reconstructed by two algorithms, linear and spline fits.. . . . . . . . . . . . 97

6d.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .100
6d.2 Scale drawing of the setup used to measure the response of a plastic scintillator toπ±,

µ± ande±. Beam enters from the left. Counters 1-3 and wire chambers WC1-2 are used
to identify an incoming beam particle and measure its trajectory. The dimensions indicate
detector thicknesses in the beam direction.. . . . . . . . . . . . . . . . . . . . . . . . . . .101

6d.3 Response of plastic scintillator counter 4 to 290-MeV/c π± for (i) all events with trajectories
pointing at counter 4, (ii) the subset of (i) that are contained in the pedestal peak of the
NaI(Tl) crystal, and (iii) the subset of (ii) contained in the pedestal peak of the second plastic
scintillator, counter 5. Because the histograms are plotted on top of each other, the visible
areas indicate the differences between two event samples, so orange corresponds to events
of type (i) and not (ii),i.e.particles producing signals in the NaI(Tl) crystal. The insets give
expanded views of the pedestal regions 50<ADC<100. . . . . . . . . . . . . . . . . . . . .101

6d.4 Pion detection inefficiencies caused by interactions in the 80-mg/cm2 dead material between
the scintillator and the preceding wire chamber (WC2), and by a 200-keV detection thresh-
old. These results do not include an additional factor of two in rejection capability by the
photon calorimeter behind the scintillator.. . . . . . . . . . . . . . . . . . . . . . . . . . .102

6d.5 Two full-scale prototype modules:
a) readout with WLS fibers in a returning mode;
b) cross section through fiber detector;
c) direct readout with three photomultipliers.. . . . . . . . . . . . . . . . . . . . . . . . . .103

6d.6 Pion detection inefficiencies for CPV+PV versus momentum. The PSI results are normal-
ized to a 50-keV detection threshold and 1-mg/cm2 dead layer, corresponding to a coated
scintillator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .104

6d.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .105
6d.8 Position dependence of the light yield observed with three photomultipliers coupled directly

to the scintillator, which has a thickness of 6.4 mm (see also Table6d.1). . . . . . . . . . .106
6d.9 Position dependence of the leading-edge timing from the three photomultipliers, and their

sum. Colors correspond to 1-ns intervals.. . . . . . . . . . . . . . . . . . . . . . . . . . .106
6d.10Vertical cross section through the Downstream CPV.. . . . . . . . . . . . . . . . . . . . .107
6e.1 Energy distributions of photons in (left) and near (right) the neutral beam forKπ2even (red)

andKπ2odd (blue) type events. Actually, the left (right) figure shows the energy spectrum of
photons that hit the aerogel (guard) counter, described in the text. The vertical axis indicates
the expected number of backgrounds after our standard cuts.. . . . . . . . . . . . . . . . .109

6e.2 The design of the catcher module.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .110

xii



6e.3 The design of the catcher configuration.. . . . . . . . . . . . . . . . . . . . . . . . . . . .111
6e.4 Side views of optical design candidates that were studied.. . . . . . . . . . . . . . . . . . .112
6e.5 Sketch of the second prototype.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .113
6e.6 The experimental setup of the beam test for the second prototype.. . . . . . . . . . . . . .113
6e.7 The measured number of photoelectrons of the second prototype as a function of1/β2. . . . 114
6e.8 The measured efficiency for protons with the second prototype as a function of momentum.

The efficiency here is the coincidence of two layers, as described in the text. The lines guide
the eye. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .114

6e.9 The measured efficiency for protons with the second prototype as a function of momentum.
In the left (right) figure, the threshold was set to be 1 p.e. (2 p.e.). The lines guide the eye.. . 115

6e.10The profile of the neutrons at the face of the Catcher. Left (right) figure shows the horizontal
(vertical) profile of the neutron beam. The vertical axis indicates the estimated number of
neutrons in a microbunch. Note that these are the plots for wider (100 mrad in horizontal)
aperture and thus the current horizontal beam profile (90 mrad) would be 10% narrower than
in the figure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .115

6e.11The schematic view of the concept of the guard counter. The left figure shows the mechanism
to detect photons, while the right one indicates how the sensitivity to neutron-induced slow
particles can be reduced.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .116

6e.12The schematic drawing of the guard counter. The upper (lower) figure shows the front (side)
view of the counter. Each layer consists of 48 modules as in the left figure, and three modules
are placed in sequence.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .116

6e.13Efficiencies for photons as a function of incident energy. Each figure shows the efficiency
of the aerogel catcher (left) and the guard counter (right). In the right figure, there are two
lines indicating the efficiencies of the guard counter alone and the combined efficiency with
the aerogel catcher.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .118

6e.14Efficiencies for photons as a function of the incidentX (left) andY (right) positions. The
vertical (horizontal) position was fixed to be at the center in the left (right) figure.. . . . . . 118

6e.15Hit probabilities for neutrons as a function of kinetic energy. Each figure shows the hit
probability of the aerogel catcher (left) and the guard counter (right). The hit condition in
each figure is same as the one described in previous section. Note that only the effects of
secondary particles from interactions between the core beam and the aerogel catcher were
considered in the right plot, because they are the main contributor to the count rate of the
guard counter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .119

6e.16Estimated singles counting rate due to neutrons as a function of kinetic energy. Each figure
shows the rate of the aerogel catcher (left) and the guard counter (right). As in Fig.6e.15,
only the effects of secondary particles from interactions between the core beam and the
aerogel catcher were considered in the right plot.. . . . . . . . . . . . . . . . . . . . . . .120

6e.17Estimated false veto probability due to neutrons. The upper line with square dots indicates
the expected number of neutrons in a microbunch. Multiplying the coincidence hit proba-
bility shown in Fig.6e.15, the false veto activity in a microbunch as a function of neutron
kinetic energy could be obtained, shown as the lower line with closed circles. In the plots
of the guard counter, only the effects of secondary particles from beam interactions were
considered. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .120

6e.18Hit probabilities forKL as a function of momentum. Each figure shows the hit probability
of the aerogel catcher (left) and the guard counter (right). The hit conditions in these figures
are described in the section of ”Efficiency for Photons”.. . . . . . . . . . . . . . . . . . . .121

6e.19Estimated s counting rate due to neutral kaons as a function of kinetic energy. Each figure
shows the rate for the aerogel catcher (left) and the guard counter (right).. . . . . . . . . . .122

xiii



6e.20Estimated false veto probability due to neutral kaons. Multiplying the hit probability shown
in Fig. 6e.18with the false veto probability, the false veto activity in a microbunch as a
function ofKL momentum was obtained, as the lower line with closed circles.. . . . . . . . 122

6f.1 The energy resolution (σ/
√
E) and visible fraction versus the thickness of a scintillator

layer in the case of 0.5- and 1-mm lead. The resolution is determined from pure sampling
and leakage fluctuations. The number of layers is 180 for 0.5-mm Pb, and 100 for 1-mm Pb.125

6f.2 Total electromagnetic cross-section in leadvs.photon energy. Blue circles show the cross
section of photonuclear absorption in Pb as measured in Ref.[4]. . . . . . . . . . . . . . . .127

6f.3 Total photonuclear cross-sections for lead and carbon versus the photon energy, and a com-
pilation of experimental data.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .127

6f.4 E949 photon detection inefficiency as a function of photon energy for normal incidence.
Thresholds are for visible energy.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .128

6f.5 Dots: photon detection inefficiency as a function of photon energy, measured in E949 with
1-MeV (visible) threshold for normal incidence. Triangles: FLUKA simulation of E949. The
horizontal error bars for the FLUKA points should be ignored.. . . . . . . . . . . . . . . .129

6f.6 Left: Expected photon detection inefficiency in KOPIO, broken down by source, for a 1 MeV
visible energy threshold and normally incident photons. Also shown is the photon detection
inefficiency measured in E949. Right: the same plot on an expanded photon energy scale.. . 130

6f.7 Left: Expected photon detection inefficiency in KOPIO as a function of photon energy and
angle of incidence, for a 1-MeV visible energy threshold. Right: the same plot on an ex-
panded photon energy scale.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .130

7.1 Vacuum system design.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .133
7.2 Layout of the decay tank.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .134
7.3 Conceptual design of the downstream tank.. . . . . . . . . . . . . . . . . . . . . . . . . .134
8.1 Schematic diagram of one HV channel, with 12-V input power and 0–5-V control voltage

from a VME based DAC.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .136
8.2 Schematic diagram of a clipping preamplifier.. . . . . . . . . . . . . . . . . . . . . . . . .137
8.3 Overview of the LED Monitoring System. This system is triggerable (Start) with feedback

control from a PIN Diode, which is also readout into the standard DAQ system with a WFD.139
8.4 Overview of the FEE/Trig/DAQ and their interconnections. This diagram shows a generic

layout of one of the WFD VME crates. The Crate Data Collection module is labeled SBC
and is connected via Infiniband links (IB) to the WFDs and to the DAQ. The crate data
collector also hosts the Clock Receivers, which broadcast the clock and trigger information
to each WFD. Data is transferred synchronously to the trigger from each WFD via custom
serial links. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .140

8.5 Schematic diagram of WFD board.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .142
9.6 Data-flow model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .144
9.7 Trigger functional scheme. Thick lines represent serial links carrying data used for trigger

formation (red lines) or monitoring (blue lines). The clock system encodes the trigger de-
cision received by the trigger supervisor over the clock signal (thin black lines) sent to the
front end electronics.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .149

9.8 Format of the data packet for zero-suppressed multiplexed L1 communications.. . . . . . . 151
9.9 Principle of the L1 asynchronous communication protocol. Data are zero-suppressed and

multiplexed in output, demultiplexed and resynchronized in input.. . . . . . . . . . . . . .151
9.10 Channel combinations for the trigger outputs of the Calorimeter digitizers.. . . . . . . . . .152
9.11 Collector modules and their connections with Preradiator and Calorimeter digitizers. The

figure shows the components needed to process signals from one of the quadrants (A, color
code blue). For quadrant C only the components processed together with quadrantA are
shown.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .154

9.12 Use of the logic modules to produce the trigger conditions of Table9.5. . . . . . . . . . . .155

xiv



10.1 Block diagram of the DAQ system. Red: Infiniband (or other multi-gigabit links). Blue:
Gigabit ethernet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .157

10.2 Distance at Level 3 (in units of Moliere radii) between the “signal” photons and the extra
photons in the Preradiator/Calorimeter.. . . . . . . . . . . . . . . . . . . . . . . . . . . . .160

11.1 Dataflow of GLEAM, the top-level GLAST package.. . . . . . . . . . . . . . . . . . . . .164
12.1 The pit for the KOPIO detector.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .169
12.2 The pit with the D3 magnet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .169
12.3 The Upstream Photon Veto assembly.. . . . . . . . . . . . . . . . . . . . . . . . . . . . .170
12.4 The Barrel Photon Veto assembly.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .170
12.5 The Preradiator and Calorimeter components.. . . . . . . . . . . . . . . . . . . . . . . . .171
12.6 The Preradiator and Calorimeter joined together.. . . . . . . . . . . . . . . . . . . . . . . .171
12.7 The KOPIO assembly through the Barrel Veto.. . . . . . . . . . . . . . . . . . . . . . . .172
12.8 The KOPIO assembly through the Preradiator/Calorimeter.. . . . . . . . . . . . . . . . . .172
12.9 The downstream tank assembly.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .173
12.10The downstream tank components joined together.. . . . . . . . . . . . . . . . . . . . . . .173
12.11The assembled KOPIO detector.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .174
13.1 The relative KOPIO sensitivity as a function of spill length. The optimum spill length is 4.90

seconds; however, spill lengths from∼3.5 to∼7 seconds would entail a loss of only∼5%
in sensitivity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .176

13.2 The dashed line represents the parameterized photon veto efficiency for the beam Catcher.
The points are taken from simulation and the solid line is drawn to guide the eye. “Threshold
= 4pe, 2pe” refers to the photon identification procedure described in Sec.6e. . . . . . . . . 177

13.3 The charged pion veto inefficiency as a function of the pion momentum. The charged pion
inefficiencies are taken from fits to PSI measurements (Sec.6d) and extrapolated for a dead
material thickness of 6.7 mg/cm2 and a 50-keV energy threshold. Component 1(2) corre-
sponds to the effect of dead material (threshold). The “NaI veto” in the legend corresponds
to measurements made with a NaI detector behind the CPV to take into account the effect
of the PV in KOPIO. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .178

13.4 The charged lepton veto inefficiencies as a function of momentum. The momentum-dependence
of the positron inefficiency is an approximation to annihilation cross-section. The disconti-
nuity in the curves corresponds to the assumption that the inefficiency is reduced by up to
×0.01 due to detection by PV behind all CPV elements for kinetic energy above 10 MeV.. . 179

13.5 The reconstructed kinetic energy distributions of theπ0 in theK0
L rest frame for signal and

backgrounds. The dashed (dotted) lines in the histograms show the spectrum for “even” and
“odd” combinations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .182

13.6 The reconstructed two photon mass spectrum for signal and backgrounds. The dashed (dot-
ted) lines in the histograms show the spectrum for “even” and “odd” combinations.. . . . . 183

13.7 TheT ∗π0
2 vs ln(Emiss(MeV)) distributions for signal and backgrounds.. . . . . . . . . . .184

13.8 TheT ∗π0
2 vs ln(Emiss(MeV)) distribution forKπ2 background (top,left), Kcp3 background

(top,right) and signal (bottom) weighted by the photon veto inefficiency.. . . . . . . . . . .185
13.9 The∆ vs.M2

ν distributions of Ke3g, Kcp3, and Ke4 before setup cuts. The vertical dashed
line shows the setup cut that suppresses background with slow tracks and/or decay-in-flight.187

13.10Cartoon showing the mechanism forK0
L → π−e+νγ background. The positron annihilates

before detection in the CPV that lines the vacuum vessel and producesγ0 andγ1. The neutral
pion candidate is formed from the radiative photonγ2 and one of the annihilations photons
γ1 whilst γ0 is undetected. The negative pion fromK0

L decay must also escape detection for
this decay to form a background.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .188

13.11The∆ (ns) vs z(K, recon) − z(K, true) (cm) after setup cuts onχ2, DOCA andz(K)
(Table13.3). An additional cut|Mγγ −M(π0)| < 20 MeV has also been applied.. . . . . . 190

xv



13.12Left columns:T ∗2 vs ln(Emiss) and Right columns:M(γ, γ) −M(π0) for the 2γPR de-
tection method for signal and backgrounds after tight cuts. These distributions are weighted
such that total number of entries in each distribution is the total number of expected events.. 191

13.13Left columns:T ∗2 vs ln(Emiss) and Right columns:M(γ, γ)−M(π0) for the 2γPR detec-
tion method for signal and backgrounds after loose cuts. These distributions are weighted
such that total number of entries in each distribution is the total number of expected events.. 192

13.14For the2γPR detection method, the total in-bunch background and the components of the
in-bunch background byK0

L decay modevs. the expected number of signal events as the
likelihood cut severity is decreased.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .196

13.15For the2γPR detection method, the relative rate of the total wrap-around background to
the total in-bunch background and the relative rate of the components of the wrap-around
background by theK0

L decay modevs.the expected number of signal events as the likelihood
cut severity is decreased.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .196

13.16For the2γPR detection method, absolute rate (upper) and rate relative to in-bunch (lower)
background of the interbunch backgroundbefore applying the interbunch extinction rate
and the rates of the significant components of the interbunch background as a function of
the time from the central time of the “in-bunch” bunch for the loosest of the likelihood cuts
for the 2γ PR detection method. TheKπ2 background dominates the interbunch rate. For
negative times, the reconstructed kaon momentum is less than the actual kaon momentum
so that the reconstructedT ∗π0 is less than the trueT ∗π0 and moves theKπ2-even peak into the
low background region.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .197

13.17The upper distribution shows the probability of of beamK0
L per 16.4 ps determined from

the interbunch rate measurements of Section5 where we assume that the interbunch back-
ground is constant between the bunches The lower distribution shows the calculated total
background rate as function of the time from the central time of the “in-bunch” bunch for
the loosest of the likelihood cuts for the2γ PR detection method using the rates shown in
Fig. 13.16. The±1-ns region is classified as the “in-bunch” background and is removed
from this calculation. The total background rate from the wrap-around mechanism is 6.5
events for these cuts. The interbunch background makes a negligible contribution to the
total background rate.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .198

13.18Top:The total background and the components as a function of the signal yield for the2γPR
detection method. The “standard” background is the in-bunch background. The lower figure
shows the signal over the total background as a function of the signal yield.. . . . . . . . . 199

13.19The signal-to-background ratio (S/B) as a function of signal for all detection methods (black
line) and for each of the three detection methods. The2γPR method is shown in red, the
1γPR/CAL method is shown in green and the1γPR/BV method is shown in blue.. . . . . . 200

13.20Left: Events per channel where events are sorted into channels by b/s until a channel contains
ten background events. The upper curve shows the total number of events expected in each
channel. Right: The integrated number of events as a function of the total background to
total signal ratio in each channel. The “statistical error” (right scale) shown is the square
root of the integrated number of events divided by the total signal yield at each channel.
This would be the relative uncertainty on aK0

L → π0νν̄ branching fraction measurement
if there were no uncertainty in the background yield and if the full power of the likelihood
method were not employed.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .201

13.21The energy spectrum of thee± from pion beta decay for pions from Ke3. The upper (lower)
plot shows the distributions with no (fiducial) cuts.. . . . . . . . . . . . . . . . . . . . . .204

13.22The energy spectrum of thee± from pion beta decay for pions from Km3. The upper (lower)
plot shows the distributions with no (fiducial) cuts.. . . . . . . . . . . . . . . . . . . . . .204

xvi



13.23Neutron carbon-12 cross-sections for neutron energies from 200 to 3000 MeV from the
ENDF compilation[4]. The dark blue line is the total cross-section, the turquoise line is the
cross-section into one or more neutral pions.. . . . . . . . . . . . . . . . . . . . . . . . .206

13.24Upper:The reconstructedz(K) distribution fornN → π0X production at (0,4,950) cm
fitted with a double Gaussian. P2 and P5(P3 and P6) are the fitted means(sigmas). (For this
study, the decay region extended from 950 to 1350 cm.) The other plots from top to bottom
and left to right show the distributions ofχ2 vsMγγ −Mπ0 in MeV for increasingly harder
cuts onz(K). The box in these plots corresponds toχ2 < 15 and|Mγγ −Mπ0 | < 20 Mev.
These plots correspond to the2γPR detection mode and used an early, more pessimistic
model of the PR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .207

13.25Comparison of the reconstructed kaon decay timevs reconstructed kaon momentum for
signal(open boxes) and neutron halo(red shaded boxes) events from the upstream end of the
decay region. Only basic reconstruction cuts are applied and are listed in the figure. The
lower plot has the current nominal cut onz(K); the upper plot has a looserz(K) cut to
increase statistics. Each reconstructed event is weighted by the production weight (decay
probability) for neutrons (kaons). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .208

13.26Variation of the three FOMs as the BV radius is changed. The FOM variation is approxi-
mately±12% as the BV radius is changed by±10%, as expected qualitatively because the
area of the PR increases as the radius increases.. . . . . . . . . . . . . . . . . . . . . . . .211

13.27Variation of the three FOMs as the global PV thickness in radiation lengths is changed.
There is little improvement in the FOM with a thicker PV.. . . . . . . . . . . . . . . . . .212

13.28Variation of the three FOMs as a function of the energy resolution. The FOMs for S/B=8
has changes by≈ 20% as the energy resolution changes by20%. The signal yield for S/B=2
is less sensitive to the energy resolution.. . . . . . . . . . . . . . . . . . . . . . . . . . . .212

13.29Variation as a function of the PR angular resolution. As for the energy resolution, the high
purity signal yield has the most dramatic dependence on the angular resolution of the PR.. . 213

13.30Variation of the three FOMs as a function of the position resolution.. . . . . . . . . . . . .213
13.31Variation of the three FOMs as the PV inefficiency is globally degraded. Globally increasing

the PV inefficiency by a factor of 1.5 decreases the signal yield by factors of 0.35 (S/B=8)
to 0.54 (S/B=2). Roughly speaking, an increase of the inefficiency by a factor of 1.5 should
increase theKπ2 background by1.52 = 2.25. . . . . . . . . . . . . . . . . . . . . . . . . .214

13.32Left: Variation of the three FOMs as the thickness in radiation lengths of each layer of the PR
is changed. The dimensions of the PR are fixed so the total thickness of the PR in radiation
lengths changes in proportion to the change in thickness of each layer. Center: The S/Bvs
S for the sum of all detection methods. Right: The S/Bvs S for the2γPR detection method
only. In general, increasing the thickness per layer increases the conversion probability but
decreases the resolution due to the increase in multiple scattering.. . . . . . . . . . . . . .214

13.33Variation of the three FOMs as the time resolution is changed. The signal yield is only
slightly degraded if the time resolution worsens.. . . . . . . . . . . . . . . . . . . . . . . .215

xvii



List of Tables

6b.1 Evolution of the energy resolution of Shashlyk modules.. . . . . . . . . . . . . . . . . . . 55
6b.2 Parameters of the3%/

√
E (GeV) KOPIO prototype module.. . . . . . . . . . . . . . . . . 59

6b.3 Scintillators tested for the KOPIO Shashlyk module. The “light yield” is the amount of light
produced in the scintillator without respect to the light collection efficiency, while “MIP
light yield” is the detected light signal per minimum ionization particle passing through the
scintillator tile. The “effective attenuation length” was measured for thin, 1.5-mm scintillator
tile. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .63

6b.4 Some experimental and catalog parameters of the green-extendeds PMT-9903B and three
pre-selected large-area APDs. Data for a well-known small-area APD, produced by Hama-
matsu Corporation, are shown for comparison.. . . . . . . . . . . . . . . . . . . . . . . . . 64

6c.1 Parameters of extruded polystyrene counters with 4.3-m-long WLS fiber readout. Fibers
were fast Bicron BCF92 or BCF99-29 types. The counter made of BC404 scintillator is also
shown for comparison.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .87

6c.2 The expected veto performance.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .93
6c.3 Specification for Electron Tubes 9903B photomultipliers.. . . . . . . . . . . . . . . . . . . 95
6d.1 Photoelectron (p.e.) yields of various light collection schemes.

Scintillator: BC-412 by BICRON; photomultipliers: Burle 83062E (Ø22 mm).. . . . . . . 103
6e.1 The base parameters of the aerogel catcher.. . . . . . . . . . . . . . . . . . . . . . . . . .113
6e.2 The base parameters of the guard counter.. . . . . . . . . . . . . . . . . . . . . . . . . . .117
6e.3 The summary of the resultant parameters.. . . . . . . . . . . . . . . . . . . . . . . . . . .123
8.1 Light intensity parameters of some commercial LED lamps.. . . . . . . . . . . . . . . . .138
8.2 Channel count for photosensor based front-end electronics. The number of channels from

the PMT/APD is listed along with the number of WFD boards and Crate Data Collector
boards.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .143

9.3 Conditions defining the sample ofπ0νν events for which efficiency is quoted. . . . . . . . 146
9.4 Veto counters used for the trigger.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .147
9.5 Signal loss and rejection. Each line gives the effect of the individual conditions for mi-

crobunches satisfying all other conditions. The last two lines give the global results obtained
applying all conditions (“Low rate” option) or all conditions except the ones marked with a
* in the Rate column (“High rate” option).. . . . . . . . . . . . . . . . . . . . . . . . . . .148

10.1 Rejection and acceptance of the Level 3 cuts. Note that the offline photon vetoes were not
applied as part of the setup cuts in this study; such cuts lower the apparent acceptance of the
L1 trigger. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .160

13.1 The assumed detector resolutions (σ of a Gaussian) used for estimates of signal and back-
ground yields by the FastMC simulation. All energies are in GeV. PR/(CAL&EPV) cor-
responds to the primary detection method where both photons convert in the PR and the
energy is accumulated in the PR, CAL and EPV (Sections6aand6b). CAL corresponds to
the detection method that requires a single photon conversion in the PR and the other pho-
ton conversion in the CAL (Sec.6b). BV corresponds to the detection method that requires
a single photon conversion in the PR and the other photon conversion in the BV (Sec.6c.2).
Detection methods are described in Sec.13.4. . . . . . . . . . . . . . . . . . . . . . . . . .179

13.2 The name, final state, branching fraction[1] and branching fraction relative to signal forK0
L

decay modes assuming the standard model rate for signal.. . . . . . . . . . . . . . . . . . .181

xviii



13.3 Description of the “setup” cuts. DOCA is the distance of closest approach of the two can-
didateγ, z(K0

L) is the reconstructedz of a K0
L candidate,z1 is 75cm (100cm) from the

upstream end of the decay volume for the2γPR (1γPR) detection method, andz2 is 50cm
(100cm) from the downstream end of the decay volume for the2γPR (1γPR) detection

method.DK12 ≡
√

(DOCA1 + DOCA2− 5.)2 + (z1(K0
L)− z2(K0

L))2 where DOCAi is
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1 Introduction

CP violation is one of the most important outstanding issues in elementary particle physics. It has
profound implications for the relationship among the quarks (and now, perhaps, the leptons), and for the
origin of matter in the universe. Since its discovery in 1964, CP violation has been studied by usingK decays
and, more recently, fromB decays. With the advent of the Standard Model (SM), the primary question has
revolved around establishing whether or not the observed CP violation is due to the complex phase in the
Cabibbo-Kobayashi-Masakawa (CKM) quark-mixing matrix,i.e. direct CP violation. Evidence supporting
this picture was obtained in measurements ofK → ππ decays (ε′/ε) at CERN and Fermilab, although
without a precise theoretical interpretation for the underlying parameters. CP-violating phenomena have
also been vigorously pursued in theB sector and have provided consistency with the SM picture, most
notably through measurements of the CP asymmetry inB0 → J/ψK0

S decays. An array of major thrusts
are underway to study CP violation inB decays including BaBar at SLAC’s PEP-II, and BELLE at KEKB.
In addition, the CDF and D0 facilities at Fermilab have vigorous programs for studyingB physics and CP
violation. In the future, LHCB at CERN will provide measurements with very high statistics.

It is generally accepted that the Standard Model does not offer a complete picture for many important
observations, and therefore physics beyond that contained in the SM likely exists. For instance, it is apparent
that known sources of CP violation fall short, by many orders of magnitude, to explain the baryon asymmetry
of the universe. Thus, one important strategy is to use precise expectations for CP-violating phenomena as
a basis to search for and to discover new physics. Among many possible measurements relating to CP
violation, four “golden” processes stand out as theoretically unambiguous and will allow such comparisons
with theory to be made. Two of the processes are the quarry of the currentB experiments mentioned above,
asymmetries inB0 → J/ψK0

S decays and the ratio ofBs to Bd mixing; the two others are the branching
ratios of the charged and neutralK → πνν decays. Many other approaches involving rareB decays are also
under intense study.

AmongK andB decays, the rare decaysK+ → π+νν̄ andK0
L → π0νν̄ are special because their

branching ratios can be computed to an exceptionally high degree of precision that is not matched by any
otherK or B meson decay. While the theoretical uncertainties in predictions of the branching ratios of
prominent decays such asB → Xsγ, B → Xsµ

+µ−, andBs → µ+µ− amount typically to±10% or
larger, the corresponding uncertainties inK0

L → π0νν̄ amount to 1–2%. In the absence of new physics,
the single most incisive measurement in the study of direct CP violation in the context of the SM is the
measurement of the branching ratio forK0

L → π0νν̄ (B(K0
L → π0νν̄)). In the SM,B(K0

L → π0νν̄) is
unique because it directly measures the area of the CKM unitarity triangles,i.e. the physical parameter
that characterizes all CP violation phenomena or, alternatively, the height of the triangle. Measurements of
bothB(K0

L → π0νν̄) andB(K+ → π+νν̄) would allow the triangle to be reconstructed unambiguously
fromK-decay information alone. In addition, the ratio of these two branching ratios can be compared with
sin 2β (see Sec.2) obtained from theB0 → J/ψK0

S decay. This test has the smallest known uncertainty
for CP violation. Thus, the KOPIO measurement ofB(K0

L → π0νν̄) will add a vital new dimension to the
world-wide effort to elucidate the nature of CP violation.

TheK0
L → π0νν̄ decay mode is also unique in that it is completely dominated by direct CP violation[1]

in the context of the Standard Model and is governed entirely by short-distance physics involving the top
quark. Theoretical uncertainties are extremely small because hadronic effects can be extracted from the
well-measured decayK+ → π0e+ν. Unlike the case of many other processes, this situation remains intact
even in the presence of many non-SM models[2]. Thus, the measurement ofB(K0

L → π0νν̄) will provide a
standard against which all other CP-violating observables can be compared, and even small deviations from
expectations will unambiguously signal the presence of new physics. By using current estimates for SM
parameters,B(K0

L → π0νν̄) is expected to lie in the range(3.0± 0.6)× 10−11[3].
The experimental aspects of measuringB(K0

L → π0νν̄) are quite challenging. The mode is a three-body
decay where only aπ0 is observed. There are competing decays which also yieldπ0s, but whose branching
ratios are millions of times larger. Observing a decay mode with a branching ratio on the order of3× 10−11

requires a prodigious number of kaons in order to achieve the desired sensitivity. Because the measurement
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is so demanding, a detection technique must be adopted that provides maximum possible redundancy for
this kinematically unconstrained decay, that has an optimum system for insuring that the observedπ0 is
the only observable particle emanating from theK0

L decay, and that has multiple handles for identifying
possible small backgrounds that might simulate the signal. It is with these issues in mind that the KOPIO
experiment has been designed.

KOPIO employs a low-energy, time-structuredK0
L beam to allow determination of the incident kaon

momentum. The intense beam required, with its special characteristics, exploits the very high intensity
proton beam of BNL’s Alternating Gradient Synchrotron (AGS). The AGS now serves as the injector for
BNL’s Relativistic Heavy Ion Collider (RHIC) but is available for the KOPIO experiment in a non-interfering
way. Utilizing low momentum also permits a detection system for theπ0 decay photons that yields a fully
constrained reconstruction of theπ0 mass, energy, and momentum. The system for vetoing extra particles
is also well understood. These features, similar to those employed successfully in the BNL E787/E949[4]
measurements ofK+ → π+νν̄, provide the necessary redundancy and checks.

The goal of KOPIO is to explore the range of branching ratios, for decays that have experimental
signatures similar toK0

L → π0νν̄, down to the level of the SM prediction so as to uncover new physics
processes if they are present. In the absence of a clear non-SM result, KOPIO will obtain a sensitivity
equivalent to 10% or better on theK0

L → π0νν̄ branching ratio at the SM level. This sensitivity would yield
a statistical uncertainty in the measurement of the area of the CKM unitarity triangle of about 5%. While the
search for deviations from the SM prediction or precise measurement of theK0

L → π0νν̄ decay process is
clearly the focus of KOPIO, other radiative-typeK decays of significant interest for studies of low-energy
QCD and numerous searches for non-SM processes will also be accessed simultaneously.

As sensitivity increases during the running of the KOPIO experiment, the absence of a positive signal
allows successively smaller non-SM branching ratios to be eliminated. When KOPIO reaches the sensitivity
goal stated above, an exclusion limit of five standard deviations (σ) would require a fluctuation from the SM
branching ratio to beB(K0

L → π0νν̄)SM · (1 ± 0.50). Thus, a measurement of theK0
L → π0νν̄ branching

ratio at the level of the SM would exclude non-SM models that have predicitons outside of the range from
0.50 to 1.50 times that value. A plot of this exclusion as a function of the fraction of the running time
anticipated for KOPIO is given in Fig.1.1 for several non-SM approaches discussed below. Because the
background rejection capability must be sufficient for the ultimate sensitivity, background levels during the
early part of the running period will be negligible, and progress in ruling out (or discovering!) branching
ratios well above the SM level will be swift and will be nearly linear in running time. To bound the branching
ratio from below takes considerably more running time.
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Fig. 1.1. Five-σ upper and lower exclusion limits versus the fractional running time for
the KOPIO experiment. The models listed start to be constrained at the levels indicated
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2 K0
L → π0νν̄ — Theoretical Motivation

2.1 Standard Model

Understanding the phenomenology of quark mixing and CP violation is currently one of the central
goals of particle physics. Examining the CKM ansatz of the Standard Model (SM) through precise determi-
nations of its basic parameters, and comparison between these determination in different systems, is crucial.
To assure a clear interpretation of experimental results, the ideal observable must not only be sensitive to
fundamental parameters, but must also be calculable with little theoretical ambiguity.

The rare decayK0
L → π0νν̄ is unique among potential SM observable processes. It is dominated by

direct CP violation[1] and is entirely governed by short-distance physics involving the top quark (for general
reviews see[2,3,4]). Long distance effects have been shown to be negligible[5]. Theoretical uncertainties are
extremely small because the hadronic matrix element can be extracted from the well-measured decayK+ →
π0e+ν, where small isospin-breaking effects have been calculated[6]. Because the dominant uncertainty
due to renormalization scale dependence has been practically eliminated by including next-to-leading-order
(NLO) QCD corrections, the remaining theoretical uncertainty for the branching ratioB(K0

L → π0νν̄) is
reduced to∼2%.

TheK0
L → π0νν̄ decay is a flavor-changing neutral current (FCNC) process that is induced through

loop effects in the Standard Model. The leading electroweak diagrams are shown in Fig.2.1. The expression
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Fig. 2.1. The leading electroweak diagrams inducingK0
L → π0νν̄.

for theK0
L → π0νν̄ branching ratio can be written as

B(K0
L → π0νν̄) = rIB

B(K+ → π0e+ν)
|Vus|2

τ(K0
L)

τ(K+)
3α2

2π2 sin4 ΘW
[Im(V ∗

tsVtd)X(xt)]2 (1)

where

X(x) ≡ ηX ·
x

8

[
x+ 2
x− 1

+
3x− 6

(x− 1)2
lnx

]
, ηX = 0.995, (2)

andxt ≡ m2
t /M

2
W . Here the appropriate top quark mass to be used is the runningMS mass,mt ≡ mt(mt),

which is related bymt(mt) = m∗
t (1 − 4/3 · αs(mt)/π) to the pole massm∗

t measured in collider ex-
periments. With this choice of mass definition, the QCD correction factor is given byηX = 0.995 and is
essentially independent ofmt[7,8,9]. Recent measurements ofm∗

t lead toX(xt) = 1.529 ± 0.042[4]. The
coefficientrIB = 0.944 summarizes the leading isospin-breaking corrections in relatingB(K0

L → π0νν̄) to
B(K+ → π0e+ν)[6].

TheK0
L → π0νν̄ decay is driven by direct CP violation due to the CP properties ofKL, π0, and

the relevant short-distance hadronic transition current. BecauseK0
L is predominantly a coherent, CP-odd

superposition ofK0 andK
0
, only the imaginary part ofV ∗

tsVtd survives in the amplitude. Since the value
of the sine of the Cabibbo angle is well known (|Vus| = λ = 0.224), this quantity is equivalent to the
Jarlskog invariantJ ≡ −Im(V ∗

tsVtdV
∗
usVud) = −λ(1 − λ2

2 )Im(V ∗
tsVtd). In turn,J is equal to twice the
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Fig. 2.2. The unitarity triangle.

area of any of the six possible unitarity triangles[10]. A comparison of the area of any unitarity triangle (UT)
obtained indirectly through studies of theB system or otherwise with the same quantity obtained directly
fromK0

L → π0νν̄ is then a critical test of the SM explanation of CP violation.
To facilitate the SM prediction ofB(K0

L → π0νν̄) and exhibit its relation to other measurements, we
employ the Wolfenstein parameterization (λ,A, %, η) of the CKM matrix, which allows a display of unitarity
in a transparent way. In this representation, Eq.1 can be recast as

B(K0
L → π0νν̄) = (2.12± 0.03) · 10−10η2A4X2(xt) . (3)

Inserting the current estimates for SM parameters into Eq.3, the branching ratio forK0
L → π0νν̄ is expected

to lie in the range(3.0± 0.6) · 10−11[4]. The unitarity relation

1 +
VtdV

∗
tb

VcdV
∗
cb

= −VudV
∗
ub

VcdV
∗
cb

≡ %̄+ ıη̄ (4)

determines the most commonly discussed triangle in the(%̄, η̄) plane. Here%̄ = %(1 − λ2/2) and η̄ =
η(1 − λ2/2). This unitarity triangle is illustrated in Fig.2.2. A clean measure of its height is provided
by theK0

L → π0νν̄ branching ratio. We note that, with all other parameters being known, Eq.3 implies
that the relative error onη is half that ofB(K0

L → π0νν̄). Thus, for example, a 10% measurement of
B(K0

L → π0νν̄) can in principle determineη to 5%.
To construct the complete unitarity triangle in theK system, the charged modeK+ → π+νν̄, which

is closely related toK0
L → π0νν̄, is also needed. However,K+ → π+νν̄ is not CP violating and receives

a non-negligible charm contribution leading to a somewhat higher theoretical uncertainty. This uncertainty
is currently about 10% in the branching ratio[11], but NNLO calculations currently underway are expected
to reduce it to∼3%[4]. Measurement ofB(K+ → π+νν̄) allows the extraction of|Vtd| with the least the-
oretical uncertainty. The observation ofK+ → π+νν̄ was first reported by BNL AGS E787 in 1997[12]. A
second event was reported in 2001[13] and a third event was observed by the successor experiment E949[14].
The combined branching ratioB(K+ → π+νν̄) = 1.47+1.30

−0.89 × 10−10 is twice as high as the central SM
prediction (although statistically consistent with it). Analysis of additional data is ongoing. Together with
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B(K0
L → π0νν̄), the unitarity triangle is completely determined in thatImλt andReλt (whereλt = VtdV

∗
ts)

can both be obtained. With the addition of|Vcb|, one can also extract̄η andρ̄ as shown in Fig.2.2. Only a
few other possible SM observables (e.g.xs/xd, B → l+l−, or certain CP asymmetries inB decays) pro-
vide similar opportunities for unambiguously revealing SM effects. Fig.2.3 shows the expected fractional
measuring error onB(K0

L → π0νν̄) as a function of the KOPIO run. A 10% measurement is expected after

Fig. 2.3. Expected relative error onB(K0
L → π0νν̄) versus the fraction of the full

KOPIO run, assuming the central Standard Model branching ratio.

the full run. A similar precision onB(K+ → π+νν̄) is the goal of the NA48/3 initiative at CERN[15].
The impact of such 10% measurements ofB(K+ → π+νν̄) andB(K0

L → π0νν̄) on determinations of the
unitarity triangle is shown in Fig.2.4.

The pureB-system alternative toK → πνν̄ for obtaining%̄ andη̄ (Fig. 2.2) involves the measurement
of CP-violating, time-dependent asymmetries inB decays to obtainβ andα. Studies ofB0 or B̄0 →
J/ψK0

S and related decays have producedsin 2β = 0.739±0.048[16]. Measurement ofsin 2α is potentially
complicated by uncertainties due to Penguin contributions[17]. However, such contributions inB → ρρ
decays turn out to be substantially smaller than inB → ρπ andB → ππ[18]. Aided by the fact that
B → ρρ is almost entirely longitudinally polarized and thus is in a nearly pure CP-even state,B → ρρ
analysis yields a measurement ofα = (94 ± 12 ± 13)◦ by using the solution forα in agreement with a
global CKM fit[16]. To infer values of̄ρ andη̄ from these measurements involves discrete ambiguities that
can be resolved by measuring the sign ofcos 2β in B → J/ψKπ decays[19] and by including additional
information (e.g.on the size of|Vub|). Theoretical uncertainties associated with this extraction are not fully
understood, but they are probably comparable to those of the alternative that uses the measurement ofxs/xd
in conjunction withsin 2β from B → J/ψK0

S . The CKM analysis forK → πνν̄ is less complicated
than either of these approaches. It could turn out to be a considerable advantage in the unitarity triangle
determination.

Alternatively, results from the CP violation experiments inB physics and aK0
L → π0νν̄ measurement

could also be combined for high precision determinations of the CKM matrix. One could complete a CKM
matrix determination that is essentially free of hadronic uncertainties[20]. The method could become par-
ticularly interesting when CP asymmetries inB decays are measured with improved precision at the LHC.
Such a precise determination of the independent CKM parameters, in whichK0

L → π0νν̄ plays a crucial
role, would provide an ideal basis for comparison with other observables sensitive to mixing angles, such as
K+ → π+νν̄, B → πlν, xs/xd, or Vcb from b→ c transitions. Any additional, independent determination
of CKM parameters would then constitute a test of the Standard Model. Any significant deviation would
point to new physics.
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Fig. 2.4. Upper plot: standard UT fit compared to the band resulting from the central
experimental value of B(K+ → π+νν̄). Lower plot: UT from 10% measurements of
charged and neutralK → πνν̄ at currently predicted values. Also lines corresponding
to different values of these branching ratios (from Ref.[4]).

Additional strategies for combining and comparing information from the rareK and theB sector are
described in Refs.[3,21,22,23,24]. Finally, it should be emphasized that it is very desirable that such funda-
mental quantities as% andη be measured redundantly via methods that do not share the same systematic
errors.

2.2 Beyond the Standard Model

Extensions of the Standard Model can in principle modify the physics discussed above in many ways.
Extended models usually introduce a variety of new degrees of freedom anda priori unknown parameters,
and it is therefore difficult to obtain definite predictions. However, one can make a few general remarks
relevant forK0

L → π0νν̄ and the comparison with information from theB system. For reviews of CP
violation inB physics beyond the SM see Refs.[25,26,27].

A clean SM test is provided by comparingη from K0
L → π0νν̄ with that triangulated from mea-

surements ofsin 2β andxd/xs. Similarly, if B(K+ → π+νν̄) is measured, a very clean test is to com-
pare the value ofsin 2β obtained from the two kaon decays with that determined from the CP asymmetry
in B → J/ψK0

S [28]. Other incisive tests involve comparisons of the Jarlskog invariant obtained from
B(K0

L → π0νν̄) with indirect determinations of the same quantity from theB system. Any discrepancy
would clearly indicate new physics. The more theoretically precise the observables under discussion are, the
smaller the deviation that could be detected.
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The branching ratioB(K0
L → π0νν̄) is unlikely to be greater than about1.4 × 10−9 on the basis of

an argument by Grossman and Nir[29]. They set a “model-independent” limit on this quantity in terms
of B(K+ → π+νν̄) (measured by E787 and E949). This argument depends on the isospin symmetry
relationA(K0 → π0νν̄)/A(K+ → π+νν̄) = 1/

√
2 and some rather general assumptions about the

relative phase between theK − K̄ mixing amplitude and thes → dνν̄ decay amplitude. They obtain
B(K0

L → π0νν̄) < 1
ris

τKL
τK+B(K+ → π+νν̄), whereris is an isospin and phase-space correction fac-

tor equal to 0.954[6]. The 90% confidence level (CL) upper limit derived from the E949 result isB(K+ →
π+νν̄) < 3.22×10−10[14],which yields the above-mentionedB(K0

L → π0νν̄) < 1.4×10−9. There is win-
dow of opportunity of a factor of roughly 400 between the current direct limitB(K0

L → π0νν̄) < 5.9 · 10−7

at the 90% CL[30] and the Grossman-Nir bound. Any result in this range would be extremely striking and
would require a reassessment of not only the Standard Model, but of virtually all the current candidates for
augmenting or replacing it.

Andrzej Buras and his collaborators have explored the possible consequences forB(K0
L → π0νν̄) in

a generic class of models characterized by minimal flavor violation (MFV)[31]. These are models in which
there are no new sources of flavor or CP-violation. As far asK → πνν̄ is concerned, these models replace
X(xt) with another (real) function. There can also be similar changes in other processes, such asB̄ − B
andε′/ε. Specific examples of MFV models for which calculations are available include two Higgs-doublet
models[32,33] (these now seem to give rather small effects[34]), models with universal extra dimensions[35]
which can give about a 15% enhancement of the branching ratio, and minimal SUSY in which the CKM
matrix remains the sole source of CP-violation. The implications of the MSSM with minimal flavor and
CP violation have been studied by a number of authors[36,37,38,39], culminating in the work of Buras and
collaborators[40]. After a careful accounting for all extant phenomenological constraints, the latter authors
conclude that the new effects on rareK decays (mainly from charged Higgs and charginos) are quite small,
but that our current estimates of the CKM parameters could be substantially “polluted” by supersymmetric
effects inB0

d − B̄0
d mixing. As a result, the prediction forB(K0

L → π0νν̄) can be significantly affected.
There is a strong tendency for it to be suppressed, and the predicted range is between 0.41 and 1.03 times
that of the SM. Since there are seven input parameters even in this simplified version of SUSY, it is not
possible to reverse the arguments of Ref.[40] and exhibit the constraints imposed by particular values of
B(K0

L → π0νν̄). However, it is clear that these branching ratios will be more powerful than those of most of
the other phenomenological inputs, because the latter are afflicted by problematic hadronic matrix elements
and other plagues to whichK0

L → π0νν̄ is not subject. Clearly ifB(K0
L → π0νν̄) is significantly higher than

current expectations, more complicated supersymmetric extentions of the Standard Model will be required.
Once the MFV assumption is relaxed, as will be discussed below, large supersymmetric enhancements of
B(K0

L → π0νν̄) are possible, even in the MSSM.
It should be noted that, in general, MFV models can give large effects. In these models, there is a

close relation betweenB(K0
L → π0νν̄) andB(K+ → π+νν̄), given a value for the mixing-induced CP

asymmetry,aψKS
. For any value ofB(K+ → π+νν̄), there are two possible values forB(K0

L → π0νν̄).
For example, foraψKS

= 0.74 andB(K+ → π+νν̄) = 1.5 · 10−10, which are near the current measured
values for these quantities,B(K0

L → π0νν̄) can equal7.5 · 10−11 or 16.6 · 10−11 (both values being far
outside the SM range).

The E787 and E949 results forK+ → π+νν̄ and the confirmation of a large value forε′/ε[41,42] have
focused much attention on the possible contributions of flavor-changingZ-penguin diagrams in generic low-
energy supersymmetric extensions of the Standard Model[43,44,45,46,47,48]. Such diagrams can interfere
with the weak penguins of the Standard Model, and either raise or reduce the predictedB(K0

L → π0νν̄) by
substantial amounts. When only the mass insertion approximation is considered,B(K0

L → π0νν̄) can be
enhanced by up to a factor of four, or even a full order of magnitude in some cases[47].

Once measured, of course,B(K0
L → π0νν̄) would constrain such models much more effectively than

ε′/ε. Reversing the constraint would throw light on the confusion surrounding the latter quantity. This type of
model has recently been invoked in connection with the anomalous behavior observed inB → πK[49,50].
In this scenarioB(K0

L → π0νν̄) can vary from less than one tenth of the SM level to more than ten times it.
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Another type of proposed model that enhancesZ0 penguins has been advanced by Chanowitz[51] to
explain the apparent anomalies inALR and theb-quark front-back, left-right polarization asymmetry. This
type of resolution of the SLC anomaly could be ruled out by a value forB(K0

L → π0νν̄) in the Standard
Model range.

Recently Buras and collaborators considered the case of the MSSM in full generality (but withR-
parity conserved)[52]. Very large effects are possible, withB(K0

L → π0νν̄) being nearly as large as the
Grossman-Nir limit. It is even easier to get large enhancements if the MSSM is given up. Models with
brokenR-parity are closely related to models with Lepton Flavor Violation[53] and can generate large CP-
conserving contributions toK0

L → π0νν̄ and a total rate as large as the Grossman-Nir bound.
Hattori et al.[55] have studied the effects of a possible fourth generation of fermions on the branching

ratios for rare decays. They claim that very large values, nearly as high as the Grossman-Nir bound, are
allowed by the current phenomenology, including the measured values of or limits on∆mK , ε, xd, xs,
∆mD, B(K+ → π+νν̄), andB(K0

L → µ+µ−). They do not explore all of the possible parameter space,
but make various plausible ansatzes for the mixing patterns. The facts that (1) the range of prediction of
B(K0

L → π0νν̄) is so large (0.5 − 220 × 10−11) and (2) that the prediction based on the input parameters
is so clean, suggest that a measurement ofB(K0

L → π0νν̄) would be very powerful in limiting the possible
values for the couplings. More recently, Yanir[56] confirmed that values as large as the Grossman-Nir bound
are possible.

Xaio and collaborators[57,58] studied the possible contribution to rareK decays from two varieties of
a technicolor model. They obtain very large ranges of prediction forB(K0

L → π0νν̄) (in one case right up
to the Grossman-Nir limit). However, the charged and neutral varieties ofK → πνν̄ are strongly correlated,
so that when the above-mentioned upper limit onB(K+ → π+νν̄) is imposed,B(K0

L → π0νν̄) is limited
to about30× 10−11 in walking technicolor models and8× 10−11 in topcolor-assisted models.

Kiyo et al.[59] attempted to extend the idea of the seesaw model for neutrino masses to quarks. They
claim that it is possible in this sort of model to have a scalar contribution that enhancesB(K0

L → π0νν̄)
by up to 30%. This model is nearly unique in predicting a distortion of the the normally vector-likeπ0

momentum spectrum inK0
L → π0νν̄.

He and Valencia[60] studiedK → πνν̄ in a L-R symmetric model with a heavyZ ′. Consistent with
phenomenological constraints,B(K0

L → π0νν̄) can be as large as1.4 · 10−10.
Chang and Ng find thatB(K0

L → π0νν̄) can be enhanced by∼50% in a 5D (i.e. one extra dimension)
split fermion scenario[61].

Grossman and Nir[29] demonstrated that it is possible to construct a phenomenologically allowed model
that can yieldB(K0

L → π0νν̄) in the neighborhood of their bound. Their model contains extra quarks in
vector-like representations of the Standard Model gauge groupd4(3, 1)−1/3 + d̄4(3̄, 1)+1/3. These quarks
arise in GUTs with anE6 gauge group. Mixing such objects with the standard quarks and leptons would
give rise to tree level FCNC currents inZ0 interactions, and these could be CP-violating. This model allows
B(K0

L → π0νν̄) to be as large as their limit without seriously upsetting the flavor-diagonalZ0 couplings
or conflicting with the current measurements ofB(K+ → π+νν̄) andB(K0

L → µ+µ−). In this model,

B(K0
L → π0νν̄) directly measures the imaginary part of the new couplingUds through

Γ(K0
L→π0νν̄)

Γ(K+→π0e+ν)
=

r0is
1
4
|ImUds|2
|Vus|2 , wherer0is = 0.944 is an isospin-breaking correction. For a measuredB(K0

L → π0νν̄) in the

Standard Model range,|ImUds| would be limited to about3× 10−5 (it could otherwise beO(1)).
Figure1.1 (see Sec.1) shows the5σ exclusion range given by the KOPIO experiment at each point

of its run. The region between the solid lines is the region that can be excluded. After the entire run, for
example, the SM can be excluded at the5σ level or better if the branching ratio is larger than1.5× or less
than0.5× the central value of the SM prediction. (We assume that by the time the experiment is finished,
this prediction is very precise).

An indication of the power of KOPIO to probe new physics is that the experiment is sensitive to a factor
of almost 500 below the Grossman-Nir bound, of which only about 1% is allowed by the Standard Model.
Figure1.1shows that this territory is stocked with many accessible candidates. It’s notable that the progress
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is extremely fast at the beginning of the run.

2.3 Theoretical Summary

As a consequence of unprecedented theoretical precision and anticipated experimental accessibility, a
measurement ofK0

L → π0νν̄ can unambiguously test the SM origin of CP violation, directly measure the
area of the unitarity triangle, and ultimately yield the most accurate determination of the CKM CP-violating
phaseη. This rare decay mode therefore provides a unique opportunity for making significant progress in
our understanding of flavor-dynamics and CP violation. It is competitive with and complementary to future
measurements in theB meson system. If new physics is manifesting itself inK+ → π+νν̄ or ε′/ε, it is
virtually certain to show up in an unambiguous way in a measurement ofK0

L → π0νν̄ at the sensitivity of the
SM-predicted level. The absence ofK0

L → π0νν̄ within the branching ratio range of about(3±1.5)×10−11,
or a conflict with other CKM determinations, would certainly indicate new physics.
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3 Overview of theK0
L → π0νν̄ Measurement Technique

Along with the challenge of obtaining sufficient detection sensitivity, one of the main issues in mea-
suring an ultra-rare process is the control of systematic uncertainties in estimating levels of backgrounds.
In general, Monte Carlo calculations are of limited value in assessing problems associated with very rare
physics processes that can simulate the signal. The only reliable recourse is to use data to systematically
study the backgrounds. This method is feasible when there is enough experimental information for each
event so that the signal can be securely grasped, the backgrounds confidently rejected, and the background
levels independently measured in spite of limited statistics. Only with reliable background determinations
can observation of an extremely small signal be firmly established. The KOPIO experiment has been de-
signed with this approach in mind.

The experimental signature for theK0
L → π0νν̄ decay mode consists of exactly two photons with the

invariant mass of aπ0, and nothing else. The primary experimental challenge arises from the 34% probability
that aK0

L will emit at least oneπ0, while the expected decay probability forK0
L → π0νν̄ is ten orders of

magnitude smaller. Compounding the difficulty, interactions between neutrons and kaons in the neutral beam
with residual gas in the decay volume can also result in emission of singleπ0s, as can the decays of hyperons
which might occur in the decay region,e.g.Λ → π0n. The current experimental limit forB(K0

L → π0νν̄)
of < 5.9 × 10−7[1] comes from a Fermilab experiment that employed the Dalitz decayπ0 → e+e−γ.
Further improvement in sensitivity may be achieved by the KEK E391 experiment. Thus, for KOPIO, an
experimental improvement in sensitivity by six orders of magnitude beyond the current limit is required to
obtain a robust signal forK0

L → π0νν̄ at the Standard Model level ofB(K0
L → π0νν̄) = 3× 10−11.

For any experiment seeking to measureK0
L → π0νν̄, the most important means of eliminating un-

wanted events is to determine that nothing other than oneπ0 was emitted in the decay,i.e. to veto any extra
particles. The most difficult mode to suppress isK0

L → π0π0 (Kπ2). Because the efficiency of photon detec-
tion is limited by physical processes such as photonuclear effects as well as by construction and geometrical
considerations, additional handles are needed to suppress all backgrounds.

One such handle is provided by measurement of theK0
L momentum via time-of-flight (TOF). From

knowledge of the decayingK0
L momentum, theπ0 can be transformed to theK0

L center-of-mass frame
and kinematic constraints can be imposed on an event-by-event basis. This technique facilitates rejection
of bogus kaon decays and suppression of all other potential backgrounds, including otherwise extremely
problematic ones such as hyperon decays and beam neutron and photon interactions.

For KOPIO, copious low-energy kaons will be produced at the AGS in an appropriately time-structured
beam. The suppression of background is achieved by using a combination of hermetic high-sensitivity pho-
ton vetoing and full reconstruction of photons through measurements of position, angle, and energy. Events
originating in the two-body decayK0

L → π0π0 identify themselves when reconstructed in theK0
L center-of-

mass system. Furthermore, those events with missing low-energy photons, the most difficult to detect, can be
identified and eliminated. With the two independent criteria based on precise kinematic measurements and
demonstrated photon veto levels, not only is there enough experimental information so thatK0

L → π0π0 and
other backgrounds can be suppressed to the required level, but the background levels can also be measured
directly from data.

The beam and detectors for KOPIO employ well known technologies. Important aspects of the system
are based on measurement techniques proven in earlier AGS experiments performed by KOPIO collabora-
tors, and new aspects have been studied in beam measurements and with prototypes and simulations. Fig-
ure3.1 shows a simplified representation of the beam and detector concept and Fig.3.2 gives a schematic
layout of the entire apparatus. The 25.5-GeV primary proton beam is presented to the kaon production target
in 200-ps-wide pulses at a rate of 25 MHz. A neutral beam with a 360-µsr solid angle is extracted at42.5◦

to produce a “soft”KL spectrum peaked at 0.65 GeV/c; kaons with momenta above 0.4 GeV/c are used.
The vertical acceptance of the beam (4 mrad) is kept much smaller than the horizontal acceptance (90 mrad)
so that effective collimation can be obtained to severely limit beam halos and to obtain another constraint
on the decay vertex position. Downstream of the final beam collimator is a 4-m-long decay region which is
surrounded by the main detector. The beam region is evacuated to a level of10−7 Torr to suppress neutron-
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inducedπ0 production. The decay region is surrounded by a thin-walled vacuum tank which encloses layers
of plastic scintillators used to veto charged particles∗. Outside the vacuum is an efficient lead/scintillator
photon veto detector (“Barrel Veto”) which also serves as a detector for some signal photons as described
below. In order to simplify triggering and offline analysis, only events with the signature of a single kaon
decay that produces two photons within the period between microbunches are accepted.

Fig. 3.1. Elements of the KOPIO concept: a pulsed primary beam produces low-energy
kaons whose time-of-flight reveals their momentum when theπ0 from K0

L → π0νν̄
decay is reconstructed.

Photons fromK0
L → π0νν̄ decay are observed in a two-stage “pointing Calorimeter”. It is comprised

of a 2.7-radiation-length (X0) fine-grained Preradiator (PR) calorimeter followed by a 19-X0 electromag-
netic calorimeter. The PR obtains the energies, times, positions and angles of the interacting photons from
π0 decay by determining the initial trajectories of the firste+e− pairs. The PR includes 64 layers of dual-
coordinate drift chambers sandwiched between plastic scintillators. The thickness of a chamber-scintillator
pair is 0.04 X0. The PR measures the photon positions and directions accurately in order to allow recon-
struction of theKL decay vertex. In addition, because it is constructed of mostly active plastic scintillator
detectors, the Preradiator contributes principally to the achievement of excellent energy resolution.

The Calorimeter is located behind the Preradiator and consists of “Shashlyk” modules, roughly 11 cm
by 11 cm in cross section. A Shashlyk Calorimeter module is comprised of a stack of square tiles with al-
ternating layers of lead and plastic scintillator read out by penetrating Wavelength Shifting (WLS) fibers. The
Preradiator-Calorimeter combination is expected to have an energy resolution ofσE/E ' 2.7%/

√
E [GeV].

Shashlyk is a well established technique that has been used effectively in BNL experiment E865 and is cur-
rently the main element in the PHENIX calorimeter at RHIC.

∗The charged particle veto scintillators will be located in a vacuum region that is separated from the10−7 Torr beam vacuum region
by a thin membrane.
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Fig. 3.2. Plan and elevation views of the KOPIO detector.
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Suppression of most backgrounds is provided by a hermetic, high-efficiency, charged-particle and pho-
ton detector system surrounding the decay volume. A Charged Particle Veto system of scintillators is located
inside the vacuum chamber (Sec.6d). Photon veto systems include a decay-volume Barrel Veto detector, an
Upstream Wall, and several systems downstream of the main decay volume (Sec.6c). The Barrel Veto
Shashlyk detectors provide about 18 X0 for photon conversion and detection. The detection efficiency for
photons has been extensively studied with a similar system in BNL experiment E787/E949.

The downstream section of the veto system is needed to reject events where photons or charged particles
leave the decay volume through the beam hole. It consists of a sweeping magnet with a horizontal field,
scintillators to detect charged particles deflected out of the beam, and photon veto modules. A special group
of counters – collectively, the “Catcher” – vetos photons that leave the decay volume but remain in the beam
envelope. This system takes advantage of the low-energy KOPIO environment to provide the requisite veto
efficiency while being insensitive to neutrons andK0

Ls in the beam. The Catcher usesČerenkov radiators
read out with phototubes.

The KOPIO system described above will identify theK0
L → π0νν̄ decay signal and effectively reject

backgrounds by using kinematic measurements involvingπ0 reconstruction in theK0
L center of mass system.

TheK0
L → π0νν̄ signal events will be selected with two main topologies: events in which both photons

from aπ0 decay convert in the Preradiator, and those in which one photon converts in the Preradiator and
one is detected the Barrel Veto detector. Figure3.3 illustrates these event topologies. By tagging theKL

momentum as well as determining the energy and direction of at least one photon, one can reconstruct the
kinematics in 2-bodyKπ2 decays.

As discussed above, the primary weapons for removing backgrounds are the highly efficient photon
calorimeters and charged-particle detectors surrounding the fiducial decay region. Remaining backgrounds
can be separated from theK0

L → π0νν̄ signal events by virtue of their different phase-space distributions.
The separation is based primarily on the following three quantities:

◦ T ∗π , theπ0 kinetic energy in the kaon center-of-mass system. ForKπ2-even events where the two
observed photons come from the sameπ0, T ∗π = mKc

2/2−mπc
2 ≈110 MeV; forK0

L → π−π+π0,
T ∗π <54 MeV.

◦ Emiss, the missing energy in the laboratory system. Because the detection efficiencies for photons
and charged particles increase with energy, the background rejection by the veto counters improves at
larger values ofEmiss.

◦ m2γ , the2γ invariant mass which allows the efficient suppression ofKπ2-odd events where the two
observed photons come from differentπ0’s.

Figure3.4shows simulated distributions ofT ∗2π vs.ln(Emiss) for both signal and total background after
suppression of events with signals in the veto systems.

Data analysis will make use of a likelihood method to calculate the probability for each event to be
due either to signal or background based on the quantities discussed above. For the full data set, at the level
predicted by the SM, the uncertainty onB(K0

L → π0νν̄) would beσB/B <10% as discussed in Sec.13.
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Fig. 3.3. Two events simulated by GEANT3:
(a) both photons from theπ0 → γγ decay converted in the Preradiator,
(b) one photon converted in the Preradiator and the second photon was detected in the
Barrel Veto calorimeter.
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Fig. 3.4. Reconstructedπ0 kinetic energy squaredT ∗2π vs. the log of the apparent
missing energyln(Emiss) for signal (left) and background (right). Whereas the sig-
nal events show an approximately constant distribution over the allowed phase space,
backgrounds are concentrated in a lowT ∗2π region populated byK0

L → π−π+π0 de-
cays and a highT ∗2π region populated byK0

L → π0π0 decays.
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4 AGS Modifications

Although the modifications required for running the AGS for KOPIO are detailed in a separate docu-
ment covering the changes for all of RSVP[1], those items that are specific to KOPIO or primarily benefit
KOPIO will be described here. For a complete description of the AGS Mods, refer to the AGS TDR.

4.1 Motivations

4.1.1 Microbunch Width

The KOPIO experiment requires that the AGS produce high intensity extracted proton beams with a
time structure characterized by very short pulses called microbunches cleanly separated from each other
by an interval of 40 ns. The microbunches are needed so that a measurement of the kaon velocity can be
made via time-of-flight. The flight time is determined from the moment the primary proton beam strikes
the KOPIO target and the measured time when a photon fromπ0 decay is observed in the Preradiator and
Calorimeter. The time spread of the proton microbunch interacting in the target should not dominate the
timing resolution. Contributions to the timing resolution come from the Preradiator and Calorimeter which
have measured time resolutions on the order of (90 ps)/

√
E for photons of energyE in GeV. Additional

contributions to the time resolution come from the uncertainty in the location of the production point in
the target which adds on the order of 100 ps to the time resolution as a function of the kaon momentum.
Based on simulation studies of time resolution on the kaon velocity, the microbunch width was selected to
be 200 ps RMS.

4.1.2 Microbunch Separation

The KOPIO technique of using a microbunched proton beam to measure the kaon velocity relies on the
assumption that the microbunch in which the kaon originated is known. The proton beam produces a kaon
momentum spectrum shown in Fig.4.1. The KOPIO detector has good acceptance for kaons with momentum
p > 400 MeV/c. The spread in time-of-flight for this momentum distribution amounts to about 30 ns at the

Fig. 4.1. Kaon momentum distribution in MeV/c for KOPIO.

front face of the Preradiator. Kaons with lower momenta can straggle in even later. A time separation of
40 ns between microbunches was selected to optimize the signal rate and minimize backgrounds produced
by misidentifying the microbunch that was the source of the kaon.
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4.1.3 Interbunch Extinction

In addition to the effects of stragglers, KOPIO is sensitive to kaons produced in the time interval be-
tween the microbunches. Although KOPIO uses Photon Vetoes and Charged Particle Vetoes to identify back-
ground events, part of the rejection comes from the kinematical cuts on the two-body decayK0

L → π0π0.
In this decay, theπ0 is monoenergetic in the kaon rest frame. After observing the two photons from aπ0

and using them to measure the kaon velocity by time-of-flight, we can transform to the kaon rest frame
and determine whether the momentum of theπ0 is consistent with the two-body decay mode or not. This
powerful technique affords KOPIO an additional kinematical rejection power of∼100 for theπ0π0 mode,
dependent on the kaon momentum. If the kaon is not produced at the microbunch time, but comes from the
interbunch time, then the time-of-flight will be confounded, giving an incorrect velocity for the kaon. This
mismatch, in turn, will cause the pion momentum in the kaon rest frame also to be incorrect, diluting the
power of the kinematical rejection. Figure4.2shows the pion momentum distribution in the kaon rest frame
as a function of the energy difference between the two photons. The narrow band near 200 MeV is displaced
to lower momenta when the wrong production time is assumed. This shift causes the background events to
fall in the middle of the signal region, completely defeating the kinematical rejection.

Fig. 4.2. Kinematic rejection of the reconstructed pion inK0
L → π0π0decays. (a)

shows the reconstructed pion momentum in the kaon rest frame versus the energy
difference between the two photons. (b) shows the same reconstructed pions when
the kaon is produced 10 nanoseconds earlier than the microbunch time. This timing
shift causes the background events to fall in the middle of the signal region, making
kinematic rejection impossible. The colors are contours in event density, running from
most dense (black) to least dense (yellow).

Simulations of the kinematical rejection power required to bring the background under control deter-
mined that the ratio of the number of protons between the microbunches to the number within the mi-
crobunch should be less than10−3. This ratio defines the interbunch extinction requirement for KOPIO.

4.2 General Requirements

The AGS modifications can be divided up into four basic categories. First and foremost are modifica-
tions to the Booster and AGS that will insure that RSVP operations do not compromise RHIC operations.
Second, there are modifications that are required to ensure compliance with laboratory environmental pro-
tection guidelines. Third, there are modifications necessary to enable the accelerators to be brought back
to normal high intensity operation. Finally, there are modifications that are required to meet RSVP experi-
mental specifications. A description will be given for each of the modifications planned. The modifications
required for microbunching will be motivated by the effects on signal and background in the KOPIO exper-
iment.
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4.3 Primary Beam Parameters for KOPIO

The primary proton beam for KOPIO will have a momentum of 25.5 GeV/c. The beam will be extracted
from the AGS in the slow-extraction mode, with a spill length of 4.88 seconds and a repetition period of
7.18 seconds. The remaining 2.3 seconds are required for injection and acceleration of the beam in the AGS.
During the 4.88-second spill, a total of1014 protons will be delivered to the KOPIO target. The extracted
beam will have a microbunched time structure with 40 ns between microbunches and a microbunch width
of 200 ps RMS. The KOPIO experiment also specifies that the interbunch extinction, or the ratio of protons
between the microbunches to the protons in the microbunches, be less than10−3.

4.4 Intensity Upgrades

The beam intensity is limited by a number of different factors. Each stage in the acceleration process
from the Linac to the experiment has associated beam losses. In each area, the details of the given process
dictates the loss mechanisms. For example, during Booster injection beam has to be captured inside the
RF momentum and phase acceptance, which is called an RF bucket, and there is an intrinsic RF capture
beam loss during this process. At high intensity, forces due to space charge cause additional beam losses.
Significant time can be is spent in adjusting parameters to minimize these losses during operations for high
intensity. As a result, there exist fundamental limits on achievable beam intensities due to the amount of
initial beam available from the ion source as well as on the transmission efficiencies at the various stages
of the accelerators. The modifications in both the Booster and AGS for intensity are focused entirely on
improving transmission efficiencies in the various stages of the accelerators.

Another limitation on the beam intensity is the acceptable rate of the beam losses during a given opera-
tion period. The accelerators have to be maintainable by people, and so the amount of activation produced by
the accelerators is managed administratively to keep the workers’ occupational dose to as low as reasonably
achievable. The most significant modification to the AGS for RSVP running is the addition of Shield Caps
to prevent contamination of the groundwater with tritium levels above5% of the Drinking Water Standard.
Although there are coverings over several areas above the Booster and AGS complexes, the newly revised
standard requires that the ground above the entire AGS ring and Booster be sealed to prevent penetration of
the soil by rainwater that might then leach radioactivity in the form of tritium into the sole-source aquifer.
This task can only be accomplished during periods when the AGS is not operating. Since Shield Caps have
already been installed over parts of the AGS and Booster, this project is well understood. More detailed
description of the Booster and AGS modification can be found in the Booster/AGS TDR.

4.4.1 Booster Modifications

Prior beam losses during injection have activated two Booster main dipole magnets enough to damage
the insulation and cause the magnets to short to ground. In one case, the C7 magnet had to be replaced. The
replacement was modified to allow the magnet to survive longer, but recent observations of this magnet show
that the insulation is becoming radiation damaged again. One of the modifications for the Booster would be
to fix this magnet before beginning high intensity operations. Another magnet activated during injection is
the C5 main dipole, which is a special magnet, due to a hole that was put in the side of the magnet to allow
beam to be injected into the Booster. The stripping foil, to convert the H− beam from the Linac to H+, is
located immediately after this magnet. The C5 magnet failed in the fall of 2003 and had to be repaired.
One of the modifications to the Booster will be to add collimation to the transfer line between the Linac
and Booster, so that beam losses on these magnets can be reduced during injection. Another modification to
these magnets will be the addition of carbon blocks in the areas of beam losses to absorb and diffuse lost
particles before they interact in the magnet coils and damage the insulation.

A number of components in the Booster have become radiation damaged from previous high intensity
operation periods. Damage to cables and to the pulse forming network (PFN) components of the extraction
kicker have been identified as requiring repair or replacement prior to beginning the next high intensity
operation. The PFN will be redesigned and new components purchased, to reduce the radiation burden.
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Cables and cable trays in the Booster will be replaced and repaired to eliminate damaged items and to
reduce the risk of fire or electrical hazards. (Note, the trays are not radiation damaged, but physical damage
to cable trays has been observed and needs to be repaired.)

Only a single spare magnet exists for the Booster extraction septum magnet, known as the F6 septum.
This magnet is very difficult to replace and, out of 5 replacements that have been carried out in the past,
3 resulted in the spare unit becoming shorted and requiring immediate repair. This work increased the
occupational dose to workers and extended the repair periods. A second spare magnet will be built prior
to high intensity operation.

The C3 inflector, used to inject heavy ions into the Booster, was damaged during previous running at
high intensity. Although the C3 inflector has been repaired, a new protection system is required to ensure that
RSVP running will not lead to the same type of damage in the future. The RF cavities need to be upgraded
with a fast RF feedback system. One set of RF cavities has already had feedback systems installed, but the
modifications were only sufficient for low intensity heavy ion operation for RHIC. These improvements
provide better beam stability and will improve the RF capture process during injection.

Upgrading the instrumentation for Booster-to-AGS (BtA) transfers will allow for faster switchovers
from RHIC Heavy Ion running to RSVP proton running. Upgrading the Controls System with new VME
interfaces, database engineering and software will also improve the reliability of running.

4.4.2 AGS Modifications

Complementary to the Booster intensity upgrades, the AGS requires that the injection kicker at A5 be
upgraded with the addition of new kicker magnets, Pulse Forming Networks (PFNs), power supplies, and
capacitor banks. This new injection system will enable the AGS to accept higher intensity beam with lower
radiation losses, and more reliable operation. The intensity upgrade also requires that the F5 and F10 thin
magnetic septa and their power supplies be replaced, as well as the H20 electrostatic septum which needs to
be redesigned in order to operate for MECO.

The existing AGS long-loss monitoring system, which is used to monitor losses for administrative
management, is aging and operating on obsolete controls. In addition, the system is not adequate for the
intensity levels specified by the RSVP experiments. This system will be repaired and upgraded for RSVP
operation.

There are a number of magnet coils in the AGS ring that have been damaged over the years, and C-
AD has identified a set of magnets that have received the highest beam losses and need to have their coils
replaced before any high intensity running begins. Specifically, the sextupoles have had 12 sets of coils
replaced already and require the replacement of 16 more coils. The coils of seven AGS main magnets in the
extraction region will also be replaced prior to RSVP operation.

Some of the existing instrumentation in the AGS has exceeded its useful life, and needs to be upgraded.
The instruments include the gas leak servo for the Ionization Profile Monitor, many of the motion controls
for flags and beam instrumentation, and cameras for those flags. Like the Booster, maintenance of the cable
trays and cables is necessary to ensure reliable and safe operation of the AGS. New controls would benefit
from new VME interfaces, software, and database engineering to make the operation trouble-free.

4.5 Switchyard Modifications

The modifications planned for the Switchyard are motivated primarily to reduce beam losses and occu-
pational dose to C-AD workers. In addition to the reliability and ease of operation that the simplifications
in the overall design afford, the modifications will ensure higher beam quality and availability. The new
design removes three electrostatic beam splitters, removes the two thin Lambertson magnets, the thick Lam-
bertsons, skew quads, tilted dipoles, ramped dipoles, beam servo dipoles, and all servo-SWICs in the beam
lines. This simplification is made possible because RSVP will not make use of split-beam operation. The
only extracted beams that will be used will be for KOPIO or MECO, and those experiments will never be
run at the same time. New zero dispersion tunes have been developed for both experiments that promise
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to make for much more stable beam conditions, and much simpler set-up and operation. This more robust
switchyard design promises lower activation, easier tuning, and lower maintenance and running costs with
reduced demands on the power grid. Simplified vacuum interfaces with fewer flanges mean that the vac-
uum system operations will also be more reliable. One by-product of this design is that the existing D-line
will be decommissioned. This change has the added benefit of freeing up shielding, transport magnets, and
floor space for other uses, such as the RSVP experiments. New elements in the Switchyard include a new
beam plug after the first four quadrupoles CQ1-4, allowing work in experimental areas when there is beam
in the AGS. Shielding changes will be required where the beam penetrates the shielding wall in order to
allow access to the switchyard and beam lines during running of the AGS. This new shielding will need to
incorporate a new collimator.

4.6 KOPIO-Specific Microbunching Modifications

4.6.1 Extraction RF Cavities: 25 MHz and 100 MHz

The microbunching technique proposed for KOPIO[2] is useful for slow extraction schemes such as
that used at the AGS. It proceeds according to the following steps. First, protons are injected into the AGS in
6 buckets, and accelerated to the operating momentum of 25.5 GeV/c by using the 4.5-MHz RF accelerating
cavities. Then the phase of the RF cavities is flipped, causing the protons in the 6 buckets to debunch,
effectively spreading the protons around the AGS in a continuous band. This debunching establishes the DC
coasting beam that will be extracted, uniform in phase, with a fractional momentum distribution defined
by a mean ofp0 and a dispersion ofdp/p0. A beam dynamics simulation called SLEX-Long1D[3] that
is used to evaluate this microbunch extraction process makes use of coordinates relative to a reference
frame co-rotating with the equilibrium orbit. The simulation does not make use of beam transport elements,
but instead calculates an orbit-by-orbit transfer function based on a symplectic Hamiltonian. The beam
dynamics for theith particle depends on the vertical and horizontal coordinates,xi, x′i, yi, andy′i as well
as the orbital coordinatessi ands′i where the “prime” denotes the derivative with respect to the equilibrium
orbit parameters. This is a 2 + 2 dimensional simulation, tracking horizontal (transverse) and longitudinal
motion only, with no vertical components in the model. There is no explicit coupling in the Hamiltonian
between the transverse and longitudinal motion; only that provided by chromatic dependence of the beam
tuneν.

Once the coasting beam is established, the extraction RF cavities are brought on at a frequency that is
far from any betatron resonance. KOPIO plans to make use of a 25-MHz cavity and a 100-MHz harmonic
cavity. The voltage on both cavities is increased slowly so that the beam response is adiabatic. When the
cavities are at operating voltage, typically 150 kV for KOPIO, the frequency is reduced, thus bringing the
beam closer and closer to the 82

3 resonance. Those beam particles that are far from resonance will receive
RF kicks that sometimes increase their energy and sometimes decrease their energy, giving no net effect.
Only a narrow momentum band of beam particles will be within the resonance condition. The RF potential
gives them a net increase in energy each time they pass through the RF cavities. The resonance condition,
created by a set of sextupoles in the AGS, causes progressively larger transverse oscillations producing a
large amplitude horizontal deviation from the equilibrium orbit. This horizontal excursion takes the particle
across the aperture of the extraction septum which bends the particle out of the circulating beam orbit and
towards the extraction beam line.

The narrowness of the regions in phase space that overlap the extraction resonance determines the
shortness of the extracted microbunches in the time domain. The overlap region can be made narrower by
increasing the depth of the RF buckets by increasing the voltage on the RF cavities. But the microbunch
width depends only on the square root of the cavity voltage, making large gains hard to achieve in this
manner. Adding a 100-MHz harmonic cavity to the 25-MHz cavity allows for tighter time structure with-
out the difficulty of operating the cavities at prohibitively high voltages. The effect of the higher harmonic
cavity is to steepen the phase dependence of the RF buckets, like trying to create a square wave by adding
higher harmonics to a sine wave. Because only the particles at the nodes of the RF buckets receive transverse
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displacements, there is no mechanism for extracting particles at times between the microbunches. This ex-
traction technique offers very tight time distributions with no contribution from particles extracted between
the microbunches.

Studies with test beams were conducted in 2002 and 2004 to measure the microbunch width and in-
terbunch extinction performance of the AGS based on this extraction technique. In 2002, a simple photon
telescope observing a thin target in the extracted proton beam was used to look for prompt photons, taken to
reproduce the microbunch time structure of the proton beam. By using a single 93-MHz RF cavity operating
at 22 kV, a microbunch width of 240 ps was observed. This result is in good agreement with the expected
microbunch width and the simulation result of 218 ps. Figure4.3shows the data and simulation results for
the test-beam case.

Fig. 4.3. Measured and simulated microbunch time distributions for a 93-MHz RF
cavity operating at 22 kV.

A separate test-beam study in 2004 was required for the precision measurement of the interbunch ex-
tinction that KOPIO demands. A doubly separated momentum-analyzed beam of 1.4 GeV/c antiprotons was
used to look at the time distribution of protons extracted from the AGS with a 4.5-MHz RF cavity. The
antiprotons provided a very clean signature to reject backgrounds and accidentals that could make it difficult
to obtain a good result at the level of 1 part in 106. A scintillator telescope followed by a lead/scintillator
calorimeter was used to identify the antiprotons produced when the primary proton beam struck a thick
platinum target. The secondary beam line had a narrow momentum acceptance of∼2%, ensuring that the
antiproton timing would reproduce the microbunch time structure of the primary beam. Many machine con-
figurations were studied in order to understand all the factors that contribute to good microbunch timing and
interbunch extinction. A broad range of operating conditions that would allow excellent interbunch extinc-
tion were established. An example of the results achieved is shown in Fig.4.4. Only one interbunch event
was observed in this run for an extinction value of8× 10−6. Numerous runs produced results similar to this
example, demonstrating that the AGS can operate in a mode that delivers good microbunch width and ex-
cellent interbunch extinction. These two results for the microbunch width and interbunch extinction provide
confidence that the AGS extraction technique planned for KOPIO will be able to deliver the primary proton
beam required for the success of the KOPIO experiment.

The design and fabrication of the 25-MHz cavity will be performed at TRIUMF. The work is funded
by a grant from the Canada Foundation for Innovation. The TRIUMF facility has an experienced team of
RF experts who have successfully built RF cavities of this type. The design will be based on the 28-MHZ
cavities that are currently in use at the RHIC facility at BNL. These cavities are designed to operate at
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Fig. 4.4. Log plot of the time structure of microbunches extracted from the AGS. The
horizontal axis is the event time (in nanoseconds) of the arrival of an antiproton at the
detector telescope, relative to an RF pulse. A possible interbunch event can be seen at
the far right-hand side of the plot. The 225-ns spacing of the three visible microbunches
is characteristic of the 4.5-MHz RF cavity.

voltages up to 300 kV. The installation and commissioning of the 25-MHz cavity is the responsibility of
the BNL group. It is anticipated that construction funds will be available by late 2005. With a construction
schedule started by October 2005, the cavity should be completed in∼36 months, allowing installation in
late 2009. Testing and commissioning are anticipated to take place after the end of RHIC running in early
summer 2010. Fabrication and installation of the 100-MHz cavity will continue immediately after personnel
are made available by the completion of the 25-MHz work. The testing and commissioning of this cavity
will be accomplished at BNL as soon as the operating schedule permits.

4.6.2 Injection Systems Kicker Magnets

KOPIO has requested that the AGS deliver a primary proton beam of intensity 1014 protons per pulse.
This value represents a 30% increase in total beam delivered over the record0.73× 1014 protons per pulse
that E949 observed. The spill structure for KOPIO is slower, spreading the beam out over 4-5 seconds rather
than the 2.2 seconds for E949, making the instantaneous beam intensity quite comparable to earlier running
experience. The largest increase in performance is in the transfer of beam from the Booster to the AGS.
Currently the kicker magnets responsible for the transfer are operating beyond their capabilities, causing
losses in both the Booster and the AGS. Mismatched apertures reduce the efficiency of transfer due to the
inability of the kicker magnets to give the beam a large enough kick to get into a stable orbit in the AGS.
Upgrading the kicker magnets that are used to kick the beam out of the Booster, and kick the beam back into
the AGS, would allow higher beam currents to be maintained with lower beam losses. Because the AGS is
to be operated in a mode where it is very nearly limited by radiation losses, improving the beam transfer is
a crucial step for increasing the beam intensity.
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Many components play a role for increased beam intensity. Some are already listed above. Those that
are specific to KOPIO, and are being developed in concert with the TRIUMF group, include the A10 kicker
magnets, PFNs, and power supplies in the AGS. TRIUMF is responsible for providing the new high volt-
age portion including the Transmission Line kicker magnet and vacuum enclosure, HVPS, Thyratrons and
switch assembly, optically isolated thyratron grid drive circuits, PFL cables, HV transmission cables, ter-
minating resistors, cooling, vacuum tank, and fast anti-parallel (“clipper”) diodes with grading capacitors.
The TRIUMF group is using designs based on the KAON Factory. BNL will be responsible for controls and
timing, as well as a new A10 building. BNL will also provide new cable runs to A10 as short as possible to
minimize any tail on the field pulse. With the modifications detailed in the AGS TDC, the AGS is expected to
be capable of running reliably at the level of 1014 protons per pulse as demanded by the KOPIO experiment.
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5 Neutral Beam

5.1 Primary Proton Beam

KOPIO will utilize a 25.5-GeV/c primary proton beam transported from the AGS to the KOPIO target.
A more detailed description of the extraction and transport systems can be found in the AGS CDR. This
section will briefly discuss the transport changes made to transport the proton beam to the KOPIO target
station.

The AGS slowly extracted beam (SEB) exits F10 and enters a series of four quadrupole magnets, CQ1-
CQ4, that are used to match the extracted beam to the transport acceptance. The current transport system,
often referred to as the switchyard, was designed to deliver the proton beam to four primary beam lines
simultaneously. The best way to meet the needs of KOPIO, MECO, and other future high-intensity experi-
ments is to redesign the transport to provide only one primary beam at a time.

Figure5.1shows a layout of the old switchyard. Figure5.2shows the layout of the new switchyard that
will provide protons for KOPIO, MECO, and other future experiments. The proton beam for KOPIO will
be transported into theB cave, and to theA cave for MECO. The decrease in the number of components
is clearly evident. The beam losses are expected to be lower than for previous operations at this energy due
to the removal of the beam-splitting components and the associated aperture restrictions. The flexibility of
the design will allow the AGS to switch beam from MECO to KOPIO in less than a minute. The ability
to switch quickly may be useful when the transport systems and experiments are being commissioned. The
simplicity of the new design is expected to improve beam delivery time, decrease down-time for component
failure, and reduce maintenance and the corresponding dose to personnel.

Figure 1 is below. It comes from a windows metafile (wmf).

Fig. 5.1. Current AGS switchyard.

The new beam optics has been designed to provide stable beam to the KOPIO target. The beam is nearly
achromatic, and therefore active servos and ramps on various transport magnets are unnecessary. A profile
of the 99% beam envelope for the beam transport to KOPIO is shown in Fig.5.3. The vertical and horizontal
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Figure 2 is below it comes from a wmf.

Fig. 5.2. AGS switchyard for RSVP.

beam emittance of 100π-mm-mrad has been used for the beam envelopes. The top (bottom) line displays
thex (y) envelope. The 99% beam envelope clears all apertures. At least 99.9% of the beam strikes the target
with dimensions of 2 mm high and 4 mm wide. The 2-mm height is important for providing a sharp image
for the 4-milliradian vertical acceptance of the neutral beam collimator system.

A KOPIO target has been designed to provide a compact image for the neutral channel. The target is
constructed of platinum that is 106-mm long, 2-mm high and 4-mm wide. A thin layer of water flows over
the target to provide cooling. The water is contained in a thin stainless steel tube. Monte Carlo studies have
shown that the particles created in the water jacket and stainless steel tubing do not substantially increase
the halo of the neutral beam. Engineering analysis has demonstrated that the target will be able to handle the
thermal conditions created by the1014 protons per spill striking the target.

KOPIO and AGS operations will share instrumentation signals from several beam-monitor systems at
the target station. Secondary-emission profile monitors (EPMs) will be used to measure the incoming pri-
mary beam profiles. A secondary-emission chamber (SEC) immediately upstream of the target will be used
to measure the beam intensity. A90◦ port will have a charged particle telescope to measure the targeting
efficiency. Another portion of the90◦ port will contain a small photon counter to measure the microbunch
width. A thin foil will be placed in the beam at the upstream end of theB cave. Several charged-particle tele-
scopes made from PIN diodes will measure the rate of particle production from the foil. This measurement
will provide a measure of the interbunch extinction.

Several changes to the upstream end of the switchyard are being made to enable construction and
maintenance of the upstream transport components while the AGS delivers beam to RHIC. The removal
of magnet AD2 will enable the shield wall between the AGS ring and the switchyard to be improved. A
beam plug will be added to prevent any scattered beam from being transported into the switchyard. Finally,
radiation monitors will stop the beam in the case of excessive losses, which could cause dose to personnel
working in the switchyard. This improved system of protection will be important for both construction and
operation of RSVP while the AGS acts as an injector for RHIC.

26



C
D
1

C
Q
2

C
Q
3

C
Q
4

A
Q
5

C
Q
5

C
Q
6

B
D
3

B
D
4

B
Q
9

B
D
5

B
D
6

B
D
7

B
D
8

B
Q
1
0

B
Q
1
1

B
Q
1
2

B
Q
1
3

B
Q
1
4

A
D
2

A
D
3

D
D
4

D
D
5

C
P
0
2

A
D
2
 

A
D
2
 

A
D
3
 

A
D
3
 

P
2
8
5

B
P
2
 

P
3
7
6

T
G
T
 

T
G
T
 

T
G
T
 

D
U
M
P

100 π-mm-mr (99%), 25 GeV/c, K0PI0 with MECO front end – first pass solution 20 sept 04 p.pile

x=0.18 cm
x’=2.3 mr
y=.05 cm
y’=7.4 mr
x/dp = -.01 cm/%
x’/dp = .00 mr/%

-1
2 

   
   

-8
   

   
  -

4 
   

   
 0

   
   

   
4 

   
   

  8
   

 c
m

 (o
r c

m
/%

)  
  

“x”

“y”

dx/dp

Fig. 5.3. Beam transport envelope

Several changes to theB cave are needed to improve conditions for construction and operation. The
interface between theB cave and the switchyard will be reconfigured to allow personnel to be in theB cave
while beam is in the switchyard being delivered to another target station. The interface between theC line
and theB cave will be improved to allow access into theB cave if beam is being delivered to theC line.

TheB target station has been located to provide sufficient space in the existing experimental hall for
KOPIO and the neutral beam stop. Figure5.4 shows a plan view of the experiment. The configuration of
the experimental area accommodates the detectors, access to the detectors for routine operations, and allows
for removing detector systems for major servicing. A large pit will be constructed in the existing floor to
accommodate the Barrel Veto, the Preradiator, the Calorimeter, and the 48D48 magnet. The pit includes
the 48D48 to allow the magnet to be moved sideways for construction and servicing purposes. The neutral
beam stop has access isles both in front (in the experimental area) and in the back (between the stop and
the building) for convenient access. An electronics building is located close to the experimental area. TheB
target can be moved farther downstream before construction begins if KOIPO requires additional space.

5.2 The KOPIO Neutral Beam

The goal of the neutral beam channel is to provide an intense beam ofK0
Ls with a minimum of other

particles. Specific attention in the design has been given to potential backgrounds from the neutral channel,
which could provide false signals such as the high-energy neutron halo. The neutral beam channel is an
integrated system of components which incorporates a spoiler to reduce photons, sweeping magnets to
remove charged particles, and collimators to define the neutral-beam phase space and reduce the high-
energy neutron halo to acceptable levels. The1014 protons per spill on target will produce a neutral beam
with 3.7× 108 K0

Ls per spill and3× 1010 neutrons per spill.
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The neutral beam accepts particles at a production angle of42.5◦. The choice of this production angle
is a compromise between particle rates and the energy spectra of the particles. A solid-angle acceptance of
400µsr produces sufficient beam rate for the experiment. The angular acceptance of the neutral channel
has been chosen to be 90 mr horizontally by 4 mr vertically. The small vertical acceptance is important for
maintaining the neutron halo to acceptable levels, and the corresponding small vertical neutral beam size in
the decay tank is used to help remove backgrounds. A large acceptance in the horizontal direction is helpful
to provide acceptance for particles produced over the entire length of the 106-mm-long target.
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Fig. 5.5. Photon energy distributions accepted in the neutral channel for spoiler thick-
nesses of 0 cm (blue), 5 cm (red), and 7 cm (green).

5.2.1 The Spoiler

The first component of the neutral channel is a lead spoiler. The lead spoiler reduces the photon flux into
the neutral channel. Large photon fluxes from the target reduce the effectiveness of the Catcher, as will be
discussed in Sec.6e. Monte Carlo studies have been conducted to examine the photon rate as a function of
spoiler thickness. Figure5.5displays the energy distribution of the photons accepted into the neutral channel
for spoiler thicknesses of 0, 5, and 7 cm. The 5-cm-thick lead spoiler reduces the number of photons by a
factor of 30. A 7-cm spoiler can reduce the photon flux by a factor of 100 and the integrated photon energy
by a factor of 1,000 when compared to the case with no spoiler present. Sufficient reduction in the photon
flux at the Catcher is provided by a spoiler 7-cm thick.

The spoiler affects the acceptance of neutral hadrons into the region of the experiment. Increasing the
spoiler thickness decreases both theK0

L and neutron flux in the beam. Figure5.6displays theK0
L momentum

distribution at the entrance to the decay tank for several spoiler thicknesses. An increase in spoiler thickness
from 5 cm to 7 cm causes a 15% decrease in theK0

L flux and a similar decrease for the neutron flux. In
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Fig. 5.6.K0
L momentum distribution at the entrance to the decay tank.

addition, the neutron halo increases with the spoiler thickness. Increasing the spoiler thickness from 5 cm of
lead to 7 cm causes the neutron halo (P > 750 MeV/c and outside the core of the neutral beam) to increase
by 50% to1.7×10−5 of the neutron beam. The effects of the spoiler thickness on theK0

L flux, neutron halo,
and photons in the Catcher were considered in selecting 7 cm as the initial spoiler thickness. The spoiler
will be designed such that it can be changed after the initial beam tests, and its thickness optimized based
on actual data within the experiment.

5.2.2 Sweeping Magnets

The neutral channel has four sweeping magnets. All magnets bend charged particles in the vertical
plane to quickly remove them from the acceptance of the experiment. The first two magnets D1 and D2
are immediately downstream of the spoiler and remove all charged particles produced in the target and
the spoiler. These magnets have an integralB · dl of 3.37 T-m. All charged particles will be removed by
the aperture early in the collimator system. The D1 magnet has been designed with mineral-insulated coils
to withstand the harsh radiation environment. Two magnets were chosen instead of one magnet due to
considerations of the close proximity to the target, the need for mineral-insulated coils for D1, and the wide
aperture in the horizontal plane.

The third sweeping magnet D3 is placed near the end of the neutral beam collimator system. The magnet
has an integral field of nearly 2 T-m. Charged kaons can be created along the collimator system and have
the potential to decay within the decay tank. The flux of charged kaons into the decay tank is a few times
10−7 of theK0

L flux. The D3 magnet sweeps the charged kaons out of the vertical region where theK0
L

decays occur, providing the experiment with another means to remove this background. Figure5.7 shows
the vertical position of charged kaons at two locations within the decay tank,z = 1000 cm andz = 1400
cm, after they have been vertically displaced by D3.

The final sweeping magnet D4 is located downstream of the decay tank. The Catcher is not efficient
for charged hadrons that may be created from decays within the decay tank. The D4 sweeping magnet will
pitch charged particles, which are in the neutral beam line, out of the vertical plane and into downstream
veto counters. The magnet is designed to use an existing magnet 48D48, which has the gap opened to 300
cm and has booster coils added. The integral field on the axis of the magnet is 0.52 T-m, and this bending
power is more than sufficient to bend charged particles from decays into the veto counters.
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Fig. 5.7. Vertical position of charged kaons atz = 1000 cm (left) andz = 1400 cm
(right).

5.2.3 Collimators

The collimator system defines the beam acceptance of the experiment and must prevent large transverse
tails to the neutral beam. Neutrons withP > 750 MeV/c can interact in materials and create neutral pions,
which could generate a false signal for the experiment. Extensive Monte Carlo studies of the collimator
system have been conducted with particular attention given to halo neutrons (P > 750 MeV/c and outside
the core of the beam). The collimator system is a sequence of five collimators. The first two collimators
C0 and C1 define the initial acceptance for the neutral beam. The following three collimators, C2-C4, have
apertures that increase faster than the initial acceptance established by C0 and C1. Increasing the angle of
the collimator faces as one approaches the experimental area prevents these surfaces from being illumi-
nated by interactions occurring near the surface of the upstream collimators. Figure5.8 (left) illustrates the
collimators in elevation view. The lines indicate how the downstream surfaces of vertical collimation are
determined. The plan view with lines indicating how the horizontal collimator surfaces are determined is
displayed in Figure5.8(right). This scheme of increasing the angle of collimation is an important aspect of
the collimator design and achieving a small neutron halo.

Other important considerations of the collimator design are the aspect ratio of the collimator aperture
and the collimator composition. Figure5.9displays the neutron intensity for neutrons withP > 750 MeV/c
as a function ofy for four collimator aspect ratios providing the same acceptance. The curves labeled 1, 2,
3, and 4 represent calculations for vertical acceptances of 5.2, 6.4, 7.6, and 4 mr, respectively. It is clear that
the halo is smallest for the smallest vertical acceptance. The sensitivity of the halo to collimator material
has also been studied. The collimators will be constructed from a non-magnetic material with hadronic
interaction properties similar to iron such as a stainless-steel box filled with lead. The innermost surface will
be lined with a few millimeters of heavymet. The Monte Carlo studies showed that a thin liner of heavymet
is sufficient for most of the collimators without causing an increase in the neutron halo. The C4 collimator
will require 1-2 cm of heavymet to achieve the best possible results. The neutron halo resulting from the
collimator system is a few times 10−5 of the total neutron beam.
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Fig. 5.8. The collimators in elevation view (left) and plan view (right). The lines indi-
cate the determination of the vertical (left) and horizontal (right) downstream collima-
tion surfaces.

Fig. 5.9. Neutron intensities for four collimator aspect ratios that provide the same
acceptance.

The performance of the neutral beam channel depends on a careful integration of all of its components.
A conceptual design of the target, spoiler, sweeping magnets, and collimators has been made. Detailed
simulations have shown that the neutral beam produced will meet the requirements of the experiment. It is
expected additional refinements will occur as the final design is achieved.
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6a Preradiator

Measurements of the energies and directions of photons fromπ0 decay by the KOPIO Preradiator
(PR) and Calorimeter, along with momentum tagging of the parentKL by time-of-flight (TOF), provide
positive identification of the signal and powerful kinematic constraints for suppressing backgrounds. Among
the most effective constraints are the invariant massmγγ of the two photons and theπ0 center-of-mass
energyE∗

π0 . The reconstructedπ0 decay vertex from photon tracking defines the flight path for theKL TOF
measurement, and also helps to reject accidentals and particles produced outside the fiducial decay volume
(e.g. near the surface of a detector) by the beam halo. The PR also serves as part of the hermetic photon veto
system by detecting extra photons.

6a.1 Performance Requirements

The requirements of the PR include a photon angular resolution of approximately 25 mrad at 250 MeV, a
photon conversion efficiency of about 80%, a precision in shower position at the initial pair conversion point
of 0.5 cm, and a resolution in the deposited energy better than2.7%/

√
E (GeV). The latter requirement

arises because a substantial fraction of the photon energy is typically deposited in the PR. The PR total
thickness along the beam direction needs to be as short as possible to limit the transverse shower size
in order to better resolve any additional photons from background decay modes that may be present. For
the measurement of theKL velocity, the time resolution of the PR is required to be approximately (100
ps)/

√
E (GeV) (comparable to the beam-bunch width). The physical segmentation of the prompt trigger

signals from the PR must be fine enough to allow the first-level trigger to estimate the number of converted
photons. Finally, the photon detection inefficiency of the combination of the PR and surrounding Shashlyk
modules is required to be less than10−4. One implication is that the active areas of the detectors must
approach as closely as possible to the vacuum vessel, with a minimum of additional dead material in the
detector frames. Another is that multiple photons interacting in the PR be resolvable so that the total number
of photons in an event may be known with high reliability.

6a.2 Design Concept

The PR consists of a close-packed multi-layer sandwich of 8-mm-thick plastic scintillator sheets for
energy and time measurements, alternating with single-plane, thin-gap, dual-coordinate drift chambers with
cathode strips. Even in such low-Z material, more than 90% of the primary interactions of a 200-MeV
photon are viae+e− pair production, with the rest via Compton scattering. The angular separation of a
symmetrice+e− pair is of orderme/Eγ ' 5 mrad atEγ = 100 MeV. Hence they need not be resolved in
order to obtain adequate angular resolution for the photon. One coordinate of thee+e− tracks is given by the
chamber drift time and the other by the centroid of the charge distribution induced on the cathode strips by
the avalanche near a wire. Both the drift cells and cathode strips running perpendicular to the wires are on
the same pitchp = 5.2578 mm (which is also half of the optical fiber pitch of the scintillator readout), while
the anode-cathode gap in the chambers is 2.54 mm. Measurements in both coordinates have a resolution
of better than 250µm for tracks with normal incidence. The thickness of each scintillator-chamber layer is
chosen to be about 4% X0 in 16.4 mm, which is close to the minimum value that is compatible with practical
self-supporting detector designs for these large areas, while using the minimum amount of material at the
two inner edges. Since the angular resolution is dominated by Multiple Coulomb Scattering (MCS), only
the first few layers after a photon conversion to ane+e− pair contribute effectively to the measurement of
the photon direction.

In order to achieve the required efficiency forπ0 detection, the total radiation length of the PR is 2.7 X0,
yielding a single-photon conversion efficiency of about 85% (while requiring a conversion before the last
3 layers), and providing aπ0 detection efficiency more than 70%. The total thickness of 1.375 m is thin
enough for acceptable transverse shower spreading.

Because the separation of ane+e− pair created in the PR is generally not large enough to generate
resolvable pulses, the anode wires can provide tracking information for only the particle track nearest to the
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wire in each cell. The expected photon angular resolution based on Monte Carlo (MC) calculations with only
anode information is predicted to be 30–40 mrad, and does not depend on the photon angle of incidence. On
the other hand, both tracks contribute to the distribution of induced charges on the strips, so that the charge
centroid represents the average position along the wires of thee+e− pair. This measurement is capable of
providing an angular resolution of 15–35 mrad[1] for normal incidence. However, the resolution from the
cathode strips degrades at larger angles of incidence due to the stochastic distribution of ionization clusters
along the track in the gas. To complement the functionality of anodes and cathode strips, the wire direction
in the drift chambers is alternated between vertical and horizontal in successive layers in a module. This
arrangement results in the best overall performance that is minimally dependent on the angle of incidence
of the photons. It also helps to resolve the left-right ambiguity inherent in the information from drift times,
by using the cathode-strip information from adjacent layers.

GEANT simulations indicate that a typical shower deposits of order 70% of its total energy in the PR,
and the remainder in the Calorimeter. The energy deposited in the PR is measured with sufficient precision
(discussed below) to allow the full energy measurement combining the PR and the Calorimeter to be better
than 2.7%/

√
E. With the large fraction of active material (scintillator) in the PR, good light collection be-

comes the main determinant for good resolution in measurements of both energy and time. Readout of the
scintillators from both ends of Wavelength Shifting (WLS) fibers embedded in a linear grid of straight holes
running though the scintillator sheets results in the required photon yield for the specified resolution. The
relative timing from the two ends provides position information in the direction along the fibers. The infor-
mation from the PR scintillator is used for triggering, timing measurements, and photon vetoing. Alternate
planes have fibers running horizontally or vertically, providing two-dimensional position information. Eigh-
teen WLS fibers spaced on a 10.6-mm pitch (2p) are combined into each readout channel. Hit clustering in
the resulting spatial segmentation provides information to the trigger system about the number of converted
photons in each event.

In order to detect photons emitted toward the region of the downstream end of the Barrel Veto photon
detector and the outer edges of the PR, an ”External Photon Veto” (EPV) system surrounds the outer edges
of the PR detector to fill the gap between the Barrel Veto system and the Calorimeter. The EPV consists of
the same type of Shashlyk modules as the Calorimeter.

6a.3 Performance Simulations and Measurements

Figure6a.1shows the photon angular resolution as determined by a GEANT simulation ofe+/e− track
generation in the PR, followed by photon reconstruction that includes smearing according to anticipated
resolutions of bothe+e− pair positions from the cathode strip measurements and the nearest-track positions
from drift times. A spatial resolution of 150µm position resolution was assumed for both measurements,
degraded by non-normal incidence in the case of the cathode strips by 500µm/radian added in quadrature.
The angular resolutions obtained are dominated by MCS and vary fromσ = 17 mrad atEγ = 350 MeV to
33 mrad atEγ = 150 MeV. Increasing the position resolutions up to 350µm (for normal incidence) changed
the angular resolutions by only about 10%. For use in subsequent MC studies, the angular resolutions are
generally characterized by two Gaussians. The values forσ quoted here refer to the narrow Gaussian com-
ponent which accounts typically for 75% of the total number of events. The wider Gaussians obtained from
the fits are typically2σ in width.

The concept of obtaining photon angles from trackinge+e− pairs in a radiator sandwich similar to
the KOPIO design was confirmed in test beam measurements with 100–300-MeV tagged photon beams at
the BNL National Synchrotron Light Source. The chambers had a cathode geometry similar to the KOPIO
design, but the wires of all planes were oriented in the same direction and the drift cells had a larger 8-mm
diameter and were hexagonal in shape. The distributions for normal incidence are shown in Fig.6a.2. The
angular resolutions agree with those from MC calculations:e.g.in the case of cathode strips,σ = 31 mrad
at 150 MeV (upper left), and 25 mrad at 250 MeV (upper right).

The above simulations and measurements of the performance of this design show that it will satisfy the
performance requirements.
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Figure A8.  Narrow Gaussian angular resolution (p3) at 150 MeV, 250 MeV, and 350 

MeV for the standard KOPIO preradiator with 3.4% 0X /layer. 

Fig. 6a.1. Simulated photon angular resolution from smeared GEANT tracks at in-
cident photon energies of 350, 250 and 150 MeV. The vertical axis is the estimated
resolution in photon angle projected on one plane in milliradians, and the horizontal
axis is the photon angle of incidence in radians.

6a.4 The PR Detectors

As shown in Fig.6a.3, the PR system is divided into four quadrants surrounding the kaon beam line,
each with an active area of 1.5 m×1.5 m. Each quadrant consists of a sequence of eight identical modules,
each of which in turn consists of nine scintillator planes alternating with eight drift chamber planes. The
modules are mechanically independent and can be moved out individually for service access. Each mod-
ule fits between the structural webs of the vacuum vessel in order to approach as close as possible to the
kaon beam, to maximize both the signal acceptance and background veto capability. In order to provide
photon veto coverage for the chamber frames, which is especially needed adjacent to the vacuum vessel, the
scintillator sheets are slightly larger than the chambers.

6a.4.1 Drift Chamber

The design of the thin-gap cathode-strip drift chambers is illustrated in Fig.6a.4. They have an ac-
tive area of 1.5 m×1.5 m. The cell geometry of the drift chamber is very similar to that of the standard
multi-wire proportional chamber except for the large ratio of wire pitch to gap between cathode planes,
which exceeds unity. Each chamber has 288 25-µm-diameter, gold-plated tungsten wires at positive high
voltage, without field wires between the anode wires. The wire pitch isp = 5.2578 mm. Wires are held
by crimp-pins in 1-mm-diameter holes that are precisely located within an accuracy of±50µm. Two par-
allel cathode planes, each consisting of a 34-µm-thick (30 mg/cm2) copper foil laminated onto a 1.4-mm-
thick epoxy/fiber-glass sheet, are located at±2.54 mm from the anode wire plane. The molded, one-piece
5.08 mm thick epoxy/fiber-glass frame of the chamber is laminated to one of the two cathode planes, which
thereby becomes designated the “base”. The base sheet has an additional copper layer on the outside face
for mechanical stiffness and electromagetic shielding. Wire-support combs are also carried by the “base”,
positioned about every 50 cm of wire length. The other cathode plane is designated as a removeable “lid”,
fastened by small screws that compress an O-ring in the frame. The single copper foil on the inside of the
lid is cut into cathode strips on the same pitchp as the wires, oriented orthogonally to the wires.

A common drift chamber gas that is convenient from the point of view of safety is Argon/ethane (50/50)
with 0.3% ethanol. The similarity of its density with that of air is an advantage in that it minimizes deflection
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φy distribution of detected photons. Eγ = 150 MeV.
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Fig. 6a.2. Angular resolution measurements with tagged photon beams at normal in-
cidence to a radiator stack with all wire planes parallel to each other. The plots at the
top row are for angles projected in one coordinate plane by using only anode infor-
mation, and those on the bottom in the orthogonal coordinate by using only cathode
information. The plots in the first column are for Eγ = 150 MeV, and the second for
Eγ = 250 MeV.

of the chamber walls due to the difference in gravitational pressure gradients. The drift cell performance
with this gas as simulated by the GARFIELD computer code is shown in Fig.6a.5, where each isochrone
represents 2 ns of drift time. The maximum drift time from the corner of the cell is predicted to be about
70 ns. The drift velocity for this gas is 5 cm/µs at a typical field in this cell. Hence its performance is
adequate, although other gases are also being considered.

Five small eight-cell prototype chambers were constructed with various wire diameters (but no cathode
strips) to test the performance of the drift cell. They were tested with an Ar/ethane (50/50) mixture, an
Ar/isobutane (75/25) mixture, and a CF4/isobutane (80/20) mixture. A cell with a 25-µm-diameter wire
has a plateau of≥300 V around 1600 V for the Ar/ethane mixture with a gas gain of 104, and each 5-
µm increase in wire diameter corresponds to about a 100-V increase in high voltage. A larger wire diameter
would reduce the significant signal attenuation along the 1.5-m wire length, but the resulting higher operating
voltage increases the cost and size of the many high voltage decoupling components on the anode adapter
cards that mate with the chamber. For the Ar/ethane mixture, the maximum drift time was found to be 80 ns,
corresponding to the drift time from the corner of the cell. The cross talk between the adjacent wires was
found to be around 2% of the original signal.
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Fig. 6a.3. Left panel: The KOPIO Preradiator consisting of four quadrants surround-
ing the wide kaon beam line. The support legs (hangers) are shown below (above) the
assembly. Right panel: One of the eight mechanically independent PR Modules that
make up each quadrant. (One of the largeL-shaped support plates is removed for vis-
ibility.) The large flat area is the scintillator/drift-chamber sandwich. It is surrounded
by the Shashlyk modules of the EPV system, which are in turn surrounded by the six
electronic crates for the chamber readout.

Two 30-cm×30-cm prototype chambers with cathode strips were constructed. For testing, they were
surrounded by existing drift chambers, four on either side, as shown in Fig.6a.6(upper). The spatial reso-
lution from drift time was found to be about 200µm (limited by the alignment precision). The resolution
from the cathode strips was studied as a function of the angle of incidence. As shown in Fig.6a.6(lower),
the dependence agrees with expectations and the maximum value satisfies the design requirement. Two long
narrow chambers were also constructed to study signal reflections and distortion, one with 2-m-long anode
wires and one with 2-m-long cathode strips. These prototypes also allowed testing of front-end amplifiers
with realistic input loads. One of these chambers is shown in Fig.6a.7.

6a.4.2 Scintillators

The sheets of 8-mm-thick scintillator cover a 1.674-m×1.657-m area, extending slightly beyond the
frames of the chamber to veto events with photons in that otherwise inactive region. Each plane is read
out by 158 Bicron BCF-92MC (or KURARAY Y-11) WLS fibers with 1-mm diameter, spaced on a 10.6-
mm pitch(2p) on a linear grid. The fibers always run along the 1.657-m dimension of the sheet, which is
smaller to allow space at the end for bending and bundling of the fibers. They are installed loosely in 1.4-
mm-diameter holes in the center plane of the sheet. This choice of “dry” holes greatly facilitates assembly
of the detector, as the scintillator sheets can be painted before the fibers are installed. The resulting loss of
about 1/3 of the light collection efficiency due to the lack of intimate optical coupling with the scintillator
is acceptable. The paint is diffusely reflective with high reflectance in the near UV/visible range, such as
Avian-D from Avian Technologies.

The WLS fibers are coupled to the same type of PMT assembly as is described in Sec.6c. The PMT
has a bialkali photocathode that is enhanced in the green for best performance with these fibers. To reduce
the number of readout channels and the influence of phototube noise in the photon energy measurements,
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Fig. 6a.4. Details of the design of the PR cathode-strip drift chambers. The upper
(lower) panel shows the inner corner proximal to (outer corner distal from) the beam
axis. The inner corner includes the WLS fibers from the scintillator layer just behind
the chamber, between which are the numerous ground contacts for interconnecting the
ground planes of all the chambers in a module.
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Fig. 6a.5. Drift cell isochrones separated by 2 ns of drift time in an Ar/ethane (50/50)
gas mixture.

each phototube receives 18×5 (4) fibers from fiveY (four X) planes at the sameY (X) position in a
module. This grouping results in 9×2 (for two ends) readout channels for eachX or Y edge, for a total of
1152 for the whole PR. In order to obtain the required energy resolution, the PMT gains must be calibrated
and monitored to a precision better than 1%. The calibration can be achieved using background events that
produce particles depositing known energies in the scintillators. An example is charged pions fromKcp2
or Kcp3 that stop in the PR and produce 4 MeV muons. The PMT gains will be continuously monitored
by injecting light pulses into each PMT via an additional optical fiber included in its fiber cluster. The light
pulser driving these monitor fibers will be stabilized by measurement of the pulser output by a separate
monitor PMT that also views a scintillator counting particles of known energy from a radioactive source.

The scintillator sheets are assembled by gluing together 27 63.1-mm-wide(12p) planks, each formed
by an extrusion process with six holes in the mid-plane. (Much of the initial width of the two outer planks
is removed in the final machining step after gluing is complete.) The extruded scintillator is a formulation
developed for the MINOS neutrino detector, and is composed of polystyrene with 1% PPO and 0.03%
POPOP wavelength shifters. The extrusion shape required for KOPIO has been developed in collaboration
with the CELCO company in Vancouver[2]. Scintillator planks that are 8-mm thick and 7-cm wide with six
1.4-mm-diameter extruded holes have been produced in lengths of typically 2 m with surfaces on both sides
flat enough to obviate skimming on a mill. An example is shown in Fig.6a.8. The edges of each scintillator
plank are machined into a tongue-and-groove configuration for glueing together into sheets using a precise
fixture. The depth and width of the mating surfaces are about 1/3 of the thickness of the scintillator.

The relative light yields and other characteristics of the scintillator material were measured in com-
parison to BC-408. The tests employed KURARAY Y-11 WLS fibers with 1-mm diameter, read out by
PMTs with standard bialkali photocathodes. (These photocathodes have 25% lower quantum efficiency for
the WLSF light than the green-enhanced ones that are intended for the PR scintillator readout.) Extruded
scintillators were cut into 3-cm-long pieces (along the hole direction), polished and wrapped on all sides
with aluminized mylar. Effects that might complicate the comparison, such as the presence of other holes
and hole qualities (e.g.drilled in several diametersvs. extruded), were first confirmed to be within±5%.
The uniformity of the light yield across a plank containing six fibers was tested to be within 1.4% (RMS).
The ratio of the number of photoelectrons to that of BC-408 was found to be 0.60 for one 1-mm WLS fiber
through a single plank, and 0.80 for a single fiber through a smaller 1-cm× 1-cm sample. The difference
might be understood as a result of a shorter bulk attenuation length in the extruded polystyrene. However,
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Fig. 6a.6. The upper panel shows the arrangement of drift chambers surrounding a
cathode-strip drift chamber that was used to obtain the results shown in the lower
panel, which is the tracking residual of a single cathode-strip plane as a function of
incident angle, using cosmic-ray muon tracks defined by four anode planes on either
side. The function fitted to the angular dependence of the widths of the Gaussian shapes
describing the residual distributions isσ2 = σ2

0+(σθ tan θ)2, whereσ0 = 220±10 µm
andσθ = 573± 4 µm.

some of the additional photons that would be collected by having a longer attenuation length arrive too late
in time to contribute to the time resolution. Based on studies with 3 planks glued together with all holes
filled with fibers, the number of photoelectrons from each end of a fiber is estimated to be 7 p.e. per MeV
deposited in the scintillator. With a green-enhanced photocathode, this becomes 9 p.e./MeV. After account-
ing for the sampling fraction of 0.5, this value implies that the purely statistical contribution to the energy
resolution is about 1.1%/

√
E (GeV). (Other contributions may be expected to dominate.) Similarly, based

on time resolution measurements with muons, the purely statistical contribution to the time resolution would
be (90 ps)/

√
E (GeV).
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Fig. 6a.7. A prototype drift chamber with 2-m-long cathode strips.

6a.4.3 External Photon Veto

The External Photon Veto system surrounds the edges of the PR and fills much of the gap between the
Barrel Veto system and the Calorimeter. (A gap runs the full length of the EPV array of each module to carry
cables from the chambers to the readout crates.) The EPV consists of the same type of Shashlyk modules as
the Calorimeter. There are 1152 units of 11-cm×11-cm×75-cm long Shashlyk lead/scintillator sandwiches
read out through WLS fibers. For construction details and performance, see Sec.6b. The WLS fibers from
these modules are coupled to the same type of PMT assemblies as are used for the Photon Veto system. For
details, see Sec.6c.

Even though the scintillator/chamber stack does not cover the small areas to the left and right of the
kaon beam line, there are additional EPV modules covering this area. They are attached alternately to upper
or lower modules so that they are vertically staggered.

6a.4.4 Module Construction

The mechanical design of the PR is complicated by the large coefficient of thermal expansion of the
polystyrene scintillator (7.8×10−5 ∆L/L/◦C). In contrast, the support plates are of aluminum (2.7×10−5

∆L/L/◦C), and the wire chamber components are epoxy/fiber-glass (∼ 1×10−5 ∆L/L/◦C). To avoid damage
during shipment when the temperature range might be as large as±20◦C, the mechanical assembly must
allow for a relative length change of±2 mm over the 1.6-m length of the scintillators and wire-chambers.
The tolerance is provided by clamping the scintillator sheets together independently from the chambers by
using spacers along all four edges. The resulting polystyrene lattice provides the mechanical rigidity of
each quadrant. In the spaces surrounded by the edge spacers, the chambers are lightly captured between
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Fig. 6a.8. An example of a polystyrene scintillator plank that was extruded with six
1.4 mm diameter holes for WLS fibers.

the scintillator planes, and are locked to the scintillator lattice at only the central outer corner, remaining
free elsewhere to slide via precise bolt slots parallel to each of the two outer edges. However, the structure
is sensitive to internal thermal gradients that may arise from variations in the ambient air temperature in
combination with the thermal time constant of the assembly, which is of order 10 hours for the surface layers.
Such gradients can cause mechanical distortions that would change as the temperature varies, moving the
wire chambers and smearing their tracking resolution. Hence it is necessary to provide an air temperature in
the experimental hall that is stable to better than10C.

The conceptual design of an assembled module mounted on its support frame and combined with EPV
modules and readout electronics crates is shown in Fig.6a.9. The stack of 17 detectors in each module is
14.6 cm thick, including covers and fasteners. The cover on each face of each module for EM shielding is
a 0.3 mm-thick sheet of epoxy/fiber-glass clad with copper on both sides. The modules are mounted on a
pitch of 17.46 cm, which includes the thickness of the vacuum vessel fin with some clearance. The stack
is supported at its two outer edges between two largeL-shaped 6.35-mm-thick aluminum plates. The rigid
structure created by this pair of interbridged plates also supports the Shashlyk modules of the EPV and the
electronic readout crates for the PR chambers. There is a series of access holes in one of the plates to allow
replacement of photomultiplier tubes. In total, each module is 16.83 cm thick including the twoL-plates.
When fully equipped with electronics boards (0.25 tons), each PR module weighs approximately 1.8 metric
tons. With 32 modules, the total weight of the KOPIO PR is about 58 tons.

The light seal is made at the module level, as it is impractical to seal each individual scintillator sheet
with its many fibers. The seal is made with a bag that closely fits the detector sandwich and is taped to the
L-plates. On the two readout edges, a wall runs between the EPV modules (including their phototubes) and
the PR readout crates (see Fig.6a.15). The cables from the chambers and phototubes are potted in opaque
silicone elastomer as they pass through holes in this wall. TheL-plate acting as a lid will seal to this wall
via a gasket.

6a.4.5 Module Support and Installation

The conceptual design for the installation of the PR modules in the KOPIO Experiment in shown in
Figs.6a.10–6a.12. In order to minimize the vertical gap between the active areas of the modules and the
horizontal gap between the modules and the vacuum vessel, there are no support structures in these gaps,
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Fig. 6a.9. Conceptual design of a lower-quadrant PR module mounted on its support
system. The scintillator/detector stack fits between the reinforcing webs of the vacuum
vessel shown at the top right. The array of EPV Shashlyk modules surround the de-
tector stack, and WLS fiber bundles pass over the Shashlyk modules from the stack to
PMTs behind those modules. Cooling air-flow paths are shown through the six cham-
ber readout crates mounted along the outer two edges of the support frame.
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only chamber frames and space for bending WLS fibers. (Nevertheless, the vertical gap between the active
areas of the wire chambers in left and right quadrants is 13.1 cm wide, and the corresponding gap between
scintillators is 3.35 cm.) Each module in an upper quadrant of the PR hangs from two aluminum arms
that extend down from trolleys on an overhead beam. All modules in a quadrant may be rolled collectively
sideways on their trolleys away from the beam pipe. For access to a single one of these modules, it is raised
slightly to clear the bridge stabilizing the others and rolled out of the 8-module stack. If it is to be replaced
by a spare, it can then be lowered down onto a transport/support cradle. Installation would be the reverse
procedure. The modules of the lower two quadrants run on rails in the bottom of a pit in the floor of the
experimental hall, shown in Fig.6a.13. The upper outer corner of theL-plate structure of each lower module
is captured by a trolley rolling on a beam at the height of the kaon beam plane. The lower quadrants can
also be rolled out collectively as units. For minor service, such as replacing phototubes, a single module
can be lowered slightly and rolled sideways to allow access to the holes in anL-plate. (Readout cards in the
electronic crates can be replacedin situ.)

Fig. 6a.10. Elevation view of the conceptual design for the installation of the PR mod-
ules in the KOPIO Experiment. Removal or installation of the entire lower-right 8-
module quadrant as a unit is shown, while the lower left shows the same operation for
a single module, which must be slightly lowered for this movement to clear cables,
etc.
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Fig. 6a.11. Plan views of the conceptual design for the installation of the PR modules
in the KOPIO Experiment. The upper (lower) panels show sectional views through
the upper (lower) quadrants, while removal of a single module (quadrant) is shown
on the left (right). The support frame from which the upper quadrants hang is itself
supported on the four pillars shown in rectangular outline most visibly in the lower
panel, two outside of the downstream end of the Barrel Veto, and two downstream of
the Calorimeter location.
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Fig. 6a.12. Plan view of the conceptual design of the PR installation in the context of
the rest of the KOPIO subsystems in the experimental hall.

6a.5 Electronics

Features influencing the design of the PR chamber electronics include the following. The readout system
must sense and digitize signals from the anode wires to yield drift times with a resolution of 3–4 ns. Charge
signals (typically 5 fC) from cathode strips must be measured with a resolving time of about 100 ns in order
to associate corresponding anode and cathode hits. Wire rates up to 40 kHz are expected for horizontal wires
near the beam. The trigger (requiring two isolated photons in the PR and no activity in the charged particle
detectors or photon veto detectors) will be based on scintillator signals and occurs at rates of 100 kHz or
higher. The trigger latency is anticipated to be 10µs, during which all digitizer outputs (e.g. anode time
stamps and ADC data from cathode strips) are pipelined. The crucial role played by the hermetic photon
veto system requires that there be minimal dead material in front of the EPV modules. Also, the limited
cooling access inside the light seal combined with the problem of thermal expansion of the polystyrene
disallows the dissipation of a significant amount of power in preamplifiers mounted on the chambers. These
restrictions impose constraints on the location of the chamber readout system. Therefore the chamber signals
are transported 1.2 m to a location behind the EPV elements which surround the PR. Thus, reactive loading
of the signals, already complicated by the 1.5-m-long wires and strips, becomes an important constraint
on the front end electronics. Fortunately, front end ASICs suitable for KOPIO were developed recently for
similar applications in large scale experiments at the LHC (CMS and ATLAS) and provide economical
solutions.

There are approximately 75,000 readout channels for the anode wires and the same for the cathode
strips. A schematic overview of the chamber readout system is presented in Fig.6a.14. Mounted on each
outer edge of theL-frame of each module are three 28-cm-deep 9U euro-crates, each accommodating four
96-channel anode boards, four 96-channel cathode boards, and one plane collector board. One such crate

46



Fig. 6a.13. The pit needed in the floor of the experimental hall for installation and
servicing of the lower PR quadrants.

is illustrated in Fig.6a.15. These crates contain the first-stage readout for the chambers of a module. The
anode and cathode signals are extracted from the edge of the chamber stack and brought to the crates through
1.2-m cables. Following pre-amplification and digitization, the data are collected, digitally processed and
compacted on the same cards, and sent onwards to a plane collector board in the same crate. In turn, all six
of the plane collectors on a module feed their data to a module collector board housed near the corner of the
module, which retransmits the data to the DAQ system via an optical link. The Level-1 trigger information
is received by the module card and distributed to the anode and cathode cards. The crates are fed by power
supplies located in racks on the floor.

6a.5.1 Anode Electronics

Chamber high voltage is fed through an anode cable card that mates with the chamber and has 16
100-kΩ registers for HV distribution to anode wires and 16 1000-pF decoupling capacitors. The 1.2-m-
long connection between the front-end card and the preamplifier/readout system is made by 1-mm-diameter
low-noise coaxial cable from GARG. The anode preamplifier is required to provide moderately fast timing
(∼2-ns time resolution) with the input capacitance of about 80 pF (20 from the wire and 60 from the cable).
The front end ASIC for the anode wires is an 8-channel Amplifier/Shaper/Discriminator called the ASD01A.
It was developed by Yale and Boston University for the drift tubes of the ATLAS muon system[3]. Its input
shaper has a peaking time of 15 ns, and its input RMS noise is 6000 electrons when loaded by 370Ω. (It is
not planned to terminate the 1.5-m-long wires in the PR chambers, so the load in this case is capacitive.)

A schematic diagram of the anode card is shown in Fig.6a.16. Time digitization is accomplished with
the Atlas Muon TDC (AMT-3) ASIC developed by KEK[3,4], also for the ATLAS muon drift tubes. This
ASIC (now in its fourth revision) digitizes 24 individual LVDS inputs from the ASD01A discriminators,
with an overall power consumption of 15 mW per channel. The anode readout card houses four AMT-3
chips for a total of 96 channels. The time measurement is based on interpolation by a phase-locked-loop
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Fig. 6a.14. Wire chamber readout scheme.

time-memory cell with respect to a reference clock running at a fixed frequency between 10 and 70 MHz.
The subdivision is a 32nd part of the reference clock making a resolution of 0.625 ns possible with a 50-
MHz clock. There are two stages of buffering in the chip, the first stage for trigger latency and the second for
queuing trigger-selected time stamps for output. The trigger latency can be as long as 51µs. The maximum
rate that can be handled per channel is 0.5 MHz, which is larger than the expected wire rate of 40 KHz near
the beam. All functions of the chip can be controlled externally through a JTAG port.

An Altera Cyclone Field Programmable Gate Array (FPGA) on the anode readout card accepts the data
from all four TDC chips on serial LVDS links. It reformats and transmits the data to the collector card on
another serial LVDS link.

A 96-channel prototype anode readout card has been made, partly populated with components, and
tested successfully. It is shown in Fig.6a.17a).

6a.5.2 Cathode Electronics

The same type of 1.2-m-long cables connect the cathode strips on the chamber to the 96-channel cathode
cards. The cathode strip readout electronics is designed to collect the information necessary to reconstruct
the charge centroid, in the possible presence of other charge clusters that are nearby in either space or time.
Although centroid measurements require only relative measurements of the charges on adjacent strips in a
hit cluster, timing jitter and pulse-shape variations can potentially affect the results. In order to accurately
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Fig. 6a.15. A readout crate for the PR chambers, containing four 96-channel TDC
cards for the anode wires, four 96-channel ADC cards for the cathode strips, and one
collector card.

measure the average position of thee+e− pair, whose signals may arrive at the electronics at different times
due to the drift time, both contributions of induced charges on each strip need to be added without any bias.
Continuously sampling the signals with “pipeline ADCs” allows optimal signal post-processing as well as
the use of a low cost digital pipeline following the ADC to accommodate the trigger latency.

A schematic diagram of the cathode card is shown in Fig.6a.18. The preamplifier/shaper is the 16-
channel Buckeye ASIC designed for the cathode strip chambers in the CMS muon system[5]. It has a 100-ns
shaping time to optimize the signal-to-noise ratio with the 200-pF input capacitance of a strip plus cable.
Its other characteristics include an equivalent noise (RMS) of5000 e− + 25e−/pF, a 5-pole semi-Gaussian
shaped wave form with tail cancellation, and a gain of 750 mV/pC.

The ADC will be an 8-channel 12-bit commercial pipeline ADC similar to the TI ADS5270, with a
sampling rate of about 25 Msps. The ADC data streams are fed to dedicated programmable logic devices
(PLDs) implemented as four FPGAs on the cathode card. They collect and process the sampled data in real
time. The results of the algorithms combined with the time stamp and geographical information are then
transferred to a local data collector residing in a separate PLD implemented as another FPGA on the same
board, which will combine the multiple streams and forward the result to the plane collector card. These
PLDs together with one on the Plane Collector Card process the ADC data in real time. Data less than the
threshold will normally be suppressed in the FPGA, which is also used to correlate adjacent hits in space and
time. Any strip that exceeds the threshold will cause the sample data for both itself and the adjacent strips
to be forwarded, regardless of their charge. All sample data within the trigger time window that is from
strips connected to channels near the ”edges” of the cards will be forwarded for later consideration. There
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Fig. 6a.16. Functional diagram of the anode readout card.

is communication between the downstream neighboring FPGAs to form clusters involving these ”edge”
strips. The processing load is appropriately distributed among the PLDs. The main elements of the cathode
processing are:

◦ Self-triggering (zero suppression);

◦ Input buffering;

◦ Charge measurement within the trigger time window;

◦ Evaluation of charge arrival time;

◦ Cluster charge reconstruction; and

◦ Data compaction

Of course the raw ADC data within the trigger time window can be transmitted instead of, or in addition
to, the results of the above real-time cluster analysis, if the rates are low enough. This will be the operating
mode at least during the early running.

A 48-channel half-size prototype cathode board with 20–65Msps ADCs and FPGAs has been built and
successfully tested. It is shown in Fig.6a.17b).

6a.5.3 Scintillator Electronics

There are 1152 phototubes for the PR scintillators and another 1152 for the EPV. The analog outputs
from these phototubes are connected to the outside through patch panels at the perimeter of a module.
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Fig. 6a.17. Tested prototypes of readout cards for the anode wires (left) and cathode
strips (right).

In racks near the detector, electronics common to the other phototube readout systems such as that for the
Calorimeter digitize the signals with flash ADCs and transfer data to the DAQ system. For details, see Sec.8.

6a.5.4 Control and Cooling

A Slow Control Processor (SCP) is mounted on each plane collector board to control, monitor and
diagnose the anode and cathode boards, and to provide communication between the DAQ computers and the
front-end read-out boards (see Fig.6a.19). Threshold levels, amplifier gains, and pulse-shaping constants
are loaded through the SCP. Data compaction and buffering FPGAs are also controlled by the SCP.

The expected power consumption in a crate is about 170 W, with 200 mW per channel for the cathode
readout. Cooling of the electronics boards is provided by forced air circulation, as shown in Fig.6a.20. In a
study of the crate cooling, dummy resistors mounted on nine test boards in a prototype crate were powered
and the temperatures at several locations on the boards were monitored. When no cooling was provided, the
board surface temperature rose to 90◦C at a power consumption of 200 W, but with an air-flow rate of 400
cfm the temperature was an acceptable 40◦C. There is also nitrogen flow to the chamber perimeter inside
the light seal to prevent HV sparking and to provide temperature stabilization for the detectors.

References

1. C. Albajaret al., Nucl. Instr. Meth.A364, 473 (1995).
2. T. Numaoet al., KEK Proceedings 2004-4, p. 173.
3. Y. Arai et al., IEEE Trans. Nucl. Sci.51, 2196 (2004).
4. Y. Arai, Nucl. Instr. Meth.A453, 365 (2000).
5. D. Acosta et al., Nucl. Instrum. Meth.A453, 182 (2000).

51



Fig. 6a.18. Functional diagram of the cathode readout card.

Fig. 6a.19. The Slow Control data path. The Chamber Collector card hosts the slow
control processor for the eight readout cards in that crate.
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Fig. 6a.20. The prototype electronics crate that was used for cooling tests.
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6b Calorimeter

A large, granulated Calorimeter is located behind the Preradiator and in front of a downstream sweeping
magnet (D4). A sketch of the Calorimeter is shown in Fig.6b.1.

Photons of interest fromπ0 decays first convert toe+e− pairs in the Preradiator. These electrons and
positrons then traverse more than two radiation lengths of the Preradiator, on average, before entering the
Calorimeter. Thus the photon energy measurements are made through a combination of the Preradiator and
Calorimeter. With this arrangement, a modest energy resolution of about∼3%/

√
E (GeV), sufficient for

the KOPIO experiment, is obtained.
Because the Calorimeter does not see the primary photons, but rather secondary electrons and photons,

the granularity of the Calorimeter need not be exceedingly high. In fact, because vetoing background must
be done with high efficiency, a ‘coarse’ granularity reduces the total volume of cracks between the modules.

Taking into account the purpose of the Calorimeter in the experiment as well as the actual experimental
environments, the following requirements were set for the Calorimeter.

◦ Energy resolution:≈ 3.0%/
√
E(GeV).

◦ Time resolution:≈ 100 psec /
√
E (GeV).

◦ Photon detection inefficiency:≤ 10−4.

◦ Granularity:∼ 10 cm.

◦ Radiation lengths: 19 (21.7 including the Preradiator).

◦ Size of the Calorimeter:4.4× 4.4 m2.

◦ Operation in a magnetic field of up to 500 Gauss.
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Fig. 6b.1. A sketch view of the KOPIO
Photon Calorimeter.

The above considerations lead us to employ the Shashlyk technique for the Calorimeter. The perfor-
mance level that can be achieved with such a technique is consistent with the needs of the experiment.

Shashlyk modules are lead-scintillator sandwiches read out by means of wavelength-shifting (WLS)
fibers passing through holes in the scintillator and lead[1]. While we propose a module with significantly
improved performance over previous manifestations, the technique is well proved,e.g.experiment E865 at
Brookhaven[1,2], and has been adopted by others,e.g.the PHENIX RHIC detector[3], the HERA-B detector
at DESY[4], and the LHCb detector at CERN[5].
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Table 6b.1. Evolution of the energy resolution of Shashlyk modules.

Year Number Lead Scintillator Energy resolution
of of thickness thickness

production layers (mm) (mm)

(
×
√
E (GeV)

)
1991 (E865) 60 1.4 4.0 8.0%
1996 (E923) 120 0.7 3.0 5.8%
1998 (E926) 240 0.35 1.5 4.0%
2003 (KOPIO) 300 0.275 1.5 3.0%

6b.1 KOPIO Shashlyk Module.

We have significant experience with the E865 calorimeter which was composed of 600 such modules
and ran reliably in a higher rate environment than that expected in the KOPIO experiment. It is from that
experience, and improvements which have been prototyped and simulated, that we gain confidence of being
able to reach the design goals.

Through calculation and experimentation, we have improved the energy resolution of Shashlyk modules
over the past few years. We note this progress in Table6b.1.

6b.1.1 Simulation of the Shashlyk Calorimeter

The energy resolution of a Shashlyk module depends on variety of factors including the following:

◦ sampling,i.e. the thicknesses of the lead and scintillator plates;

◦ longitudinal leakage,i.e. the fluctuation of energy leakage due to the finite length of the module;

◦ transverse leakagei.e. the fluctuation of energy leakage due to the limited number of modules used to
reconstruct an electromagnetic shower;

◦ effects of the presence of holes, fibers, and wrapping materials;

◦ light attenuation in the fiber;

◦ the uniformity of light collection;

◦ photostatistics; and

◦ electronic noise in the photodetector readout chain.

To determine the dependence of the energy resolution on the mechanical and optical properties of
a module, a simulation model of the module’s response was developed[6]. This model is based on the
GEANT3[7] description of electromagnetic showers and a special optical simulation of the light collection
in the scintillator plates. To customize the model, we have used the results of test-beam measurements of
a prototype Shashlyk calorimeter with an energy resolution of4%/

√
E (GeV). These measurements were

made by using 0.5–2.0 GeV/c positrons at the Brookhaven AGS. In addition, the simulation of the light
collection efficiency was customized by using special optical measurements of the WLS fiber readout.

We used GEANT 3.21 to simulate the development of the electromagnetic showers in the module. It
contains many tuning parameters which allow one to select between the speed and quality of the simulation.
Cuts on the energy of the electrons and photons are crucial parameters for the correct simulation of the
response of a Shashlyk module. To obtain an adequate simulation, we used low-energy cuts of 10 keV
instead of the default 1 MeV. Also, delta-ray generation was enabled.
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To study the dependence of light collection on the optical parameters of scintillator plates, a special
optical model was developed. Charged particles passing through a scintillator plate generate a number of
randomly directed photons proportional to the energy deposited. Photons thus generated may be absorbed
on, reflect from, or penetrate through the surfaces of the plate. Photons entering a fiber may be re-emitted or
may exit the fiber, depending on the actual length of the photon track in the fiber. The model is customized by
parameters such as the refractive indices of scintillator and fiber, the light attenuation length in scintillator,
the probability of a photon re-emitting in a fiber, reflection efficiencies, and by geometry (size of the plate,
hole diameter, fiber diameter). Examples of the optical model adjustments are shown in Figs.6b.2and6b.3.

In spite of the simplicity of this model (e.g.it does not take into account the dependence of reflection
probabilities on the incident angle and polarization of photons), it gives a reasonable description of light
collection in the scintillator and allows one to compare different choices of the optics of the scintillator
plates. Some examples of the dependence of the energy resolution on the module parameters are shown in
Fig. 6b.4. More details may be found in Ref.[6].

To simulate the time response and time resolution of a Shashlyk module, a Monte Carlo model of the
light signal in a module was later developed. An ionization produced by a charged particle in a scintillator
tile survives several transformations before the corresponding light signal appears at the entrance of a pho-
todetector. Ionization produced by an electromagnetic shower occur at different space points and different
times, resulting in a time spread of the photoelectron emission in the photodetector. In addition, the actual
emission delays depend randomly on the decay times in the scintillator and the WLS fibers, light collection
time in the scintillator fiber, and the propagation of light in the WLS fiber. The following effects have been
taken into account in the model:

◦ the space-time distribution of hits in the Shashlyk module scintillator;

◦ the decay time in scintillator;

◦ the light collection time in the scintillator tile;
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Fig. 6b.4. Calorimeter response
and energy resolution as a func-
tion of lead and scintillator
plate thicknesses and number of
layers. It is assumed that the
calorimeter consists of 6000 lay-
ers of 0.35-mm lead and 1.5-mm
of scintillator unless otherwise
noted in histograms.
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◦ the decay time in WLS fibers;

◦ the effective velocity of light propagation in WLS fibers;

◦ the light attenuation length in WLS fibers;

◦ bending loss in the WLS fiber loop; and

◦ the response function of the detector chain, including an Avalanche Photo Diode (APD) photodetector,
preamplifier, cables, and waveform digitizer (WFD).

The simulated response of the Shashlyk module for the 250-MeV photons is shown in Fig.6b.5. A
shape of the simulated signal in a Wave Form Digitizer matches well an experimentally measured signal
shown in Fig.6b.20.
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Fig. 6b.6. A Shashlyk module assembly is shown in the left picture. The module design
in shown in the right picture.

6b.1.2 Methods to Improve Energy Resolution

While the 1998 Shashlyk module had excellent characteristics for that kind of detector, significant
improvements had to be made so as to achieve the desired resolution of3%/

√
E (GeV). To determine the

means for improvement, we used the simulation model to analyze the main contributions to a module’s
energy resolution. The results of the analysis indicated (see details in Ref.[6]) that primary attention had to
be given to improving the

◦ sampling,

◦ photostatistics, and

◦ light collection uniformity.

To achieve this goal, we revisited the mechanical construction of the module, and optimized the selections of
the WLS fibers and photodetector. A new scintillator with improved optical and mechanical properties was
specially developed for the KOPIO experiment at the IHEP scintillator facility (Protvino, Russia)[8]. The
corresponding improvements to the module design have been implemented in the new KOPIO Calorimeter
prototype modules (2003), with an energy resolution of about3%/

√
E (GeV)[9].

6b.2 Design of the Calorimeter Module

The design of the 2003 prototype module is shown in Fig.6b.6. The module is a sandwich of alternating
perforated stamped lead and injection-molded polystyrene-based scintillator plates. The cross sectional size
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of a module is110 × 110 mm2. There are 300 layers, each layer consisting of a 0.275-mm lead plate and
1.5-mm scintillator plate.∗ The lateral size of a lead or scintillator plate is109.7 × 109.7 mm2. Each plate
has 144 holes equidistantly arranged in a12× 12 matrix, the spacing between the holes being 9.3 mm. The
diameter of the holes is 1.3 mm, both in the lead and the scintillator plates. Inserted into the holes are 72
WLS fibers, with each fiber looped at the front of the module so that both ends of a fiber are viewed by a
photodetector. Such a loop (radius∼ 2.5 cm) may be approximated by a mirror with a reflection coefficient
of about95%[10]. The fiber ends are collected in one bunch, squeezed, cut and polished, and connected to a
photodetector though a small air gap. The complete stack of all plates is held in compression by four 1-mm
stainless steel wires. The module is wrapped with 150-µm TYVEK paper which has good light reflection
efficiency of about 80%. The mechanical parameters of the module are summarized in Table6b.2.

Table 6b.2. Parameters of the3%/
√
E (GeV) KOPIO prototype module.

Lateral segmentation 110× 110 mm2

Scintillator thickness 1.5 mm

Spacing between scintillator tiles 0.350 mm

Lead absorber thickness 0.275 mm

Number of layers 300

WLS fibers per module 72× 1.5 m =108 m

Fiber spacing 9.3 mm

Hole diameter (lead/scint.) 1.3 mm

Diameter of WLS fiber (Y11-200MS) 1.0 mm

Fiber bundle diameter 14.0 mm

External wrapping (TYVEK paper) 150µm

Effective radiation length,X0 34.9 mm

Effective Moliere radius,RM 59.8 mm

Effective density 2.75 g/cm3

Active depth 555 mm (15.9X0)

Total depth (without photodetector) 650 mm

Total weight 21 kg

6b.2.1 Improvement of the module geometry

The mechanical constraction of the module was revisited to minimize the insensitive area, to increase
the effective radiation density, and to improve the sampling ratio and transverse light collection uniformity.

An important innovation in the mechanical design of the module is the “LEGO” type locks for the
scintillator tiles shown in Fig.6b.6. These locks, four per tile, fix the position of the scintillators with the
350-µm gaps, providing sufficient room for the 275-µm lead tiles without optical contacts between lead
and scintillator. The mechanical structure enables removal of 600 paper tiles, which were preventing optical
contact between the scintillator and lead in the “standard” Shashlyk design, reducing the diameter of the

∗The module described here was produced in 2003. It has 16 radiation lengths in accordance with the original KOPIO Proposal.
As currently designed, there will be 340 layers of 0.300 mm lead and 1.5 mm scintillator plates in KOPIO module, for a total of 19
radiation lengths.
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fiber holes to 1.3 mm, and removal of the compressing steel tapes at the sides of the module. Compared
to the “standard” Shashlyk module, the holes/cracks and other insensitive areas were reduced from 2.5%
to 1.6%, and the module’s mechanical properties such as dimensional tolerances and constructive stiffness
were significantly improved. By removing the paper tiles, the effective radiation length could be reduced
from 4.0 cm to 3.5 cm.

There is only a limited ability to improve the “pure” sampling contribution to the energy resolution of
the Shashlyk module. Decreasing the thickness of the lead only will increase the length of the module, while
the proportional decreasing of both the lead and scintillator thicknesses will reduce the light collection
efficiency. Nevertheless, by removing the paper between the lead and scintillator tiles, both the sampling
could be improved and the length of the module could be shortened. Compared to the design of the previous
1998 module[6], the sampling ratio was improved by a factor of 1.25.

The dominant source of non-uniformity of the light collection is the absorption of light at the edges of
a scintillator tile. For improvement, the reflection efficiency on the edges of the scintillator tile is crucial. In
the 2003 module, the WLS fiber density was effectively increased by “cutting the edges” of the scintillator
tile. The transverse size of the tile, 10.97 cm, is smaller that the “uniform” size of 11.16 cm for 12 fibers
with 0.93-cm spacing. In addition, the module was wrapped with TYVEK paper (reflection efficiency about
80%). As a result, the light collection efficiency at the edges of the scintillator tile is only 2.3% smaller than
in the center of the tile for the point-like light source. In the case of a 250-MeV photon shower, the difference
is only 0.5%, which is negligible compared to the energy resolution of about 6% for such photons.

The experimental results for the light collection uniformity for TYVEK and Xerox copier papers are
presented in Fig.6b.7. The measurements were made with a scintillator tile exposed to collimated90Sr
electrons. For comparison, the simulated light collection efficiencies are shown. One can see that a good
consistency between the optical simulations and measurements. Further improvement may be achieved if
Millipore paper with reflection efficiency of 90% will be used[11].
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6b.2.2 WLS fibers

A main concern about the WLS fibers for the Shashlyk readout is the light attenuation length in a fiber.
Because the longitudinal fluctuations of electromagnetic showers are about 3-4 cm (one radiation length),
the effective attenuation length in fibers must be greater than 3–4 m to have this contribution to the en-
ergy resolution be much smaller than the sampling contribution. We have experimentally measured the light
attenuation in three different fibers: (i) BCF-92-SC, (ii) BCF-99-29A, and (iii) KURARAY Y11(200)MS.
Measurements were made by using muons that penetrated the modules transversely. The size of the beam
spot was1 × 1 cm2. Results of the measurements are presented in Fig.6b.8. It should be noted that the
measured values of effective attenuation lengths include the effects of the fiber loop and the short-distance
component of light attenuation in the fibers, which have important roles in the light transmission over short
distances. The effective attenuation length of 3.0 m in KURARAY Y11(200)MS fiber satisfies our require-
ments. In comparison with other fibers, this commercial fiber also provides the best reemission efficiency of
blue scintillation light, and it has excellent mechanical properties – high tensile and bending strength – and
high uniformity in cross-sectional dimensions. For example, its light reemission efficiency is a factor of 1.5
larger than that for any Bicron WLS fiber, and the diameter for any round fiber varies by no more than2.0%.

6b.2.3 Scintillator

An important contribution for the improvement of the photostatistics over earlier designs of Shashlyk
modules is the use of new scintillator tiles with an increased light collection efficiency. An optimization of
the light yield of the scintillator tiles for the KOPIO Shashlyk modules has been developed and carried out at
the IHEP scintillator facility (Protvino, Russia)[8]. In the previous Shashlyk calorimeters, scintillator based
on PSM115 polystyrene was used. The new modules employ BASF143E-based scintillator. The test results
for the several scintillators are shown in Table6b.3.

Though there is no actual increase in the amount of light produced by a charge particle, the light col-
lection efficiency in the scintillator tile has a gain by a factor of 1.6. Because the index of refraction for
the polystyrene-based scintillator is 1.59, only light from total internal reflection at the large side of the
scintillator tile can be captured by a WLS fiber. Potentially, the total internal reflection efficiency can be as
large as 100%. However, this value is not reachable for realistic surfaces. Many reflections usually occur
before light is captured and re-emitted by a WLS fiber. Both the effective attenuation length and the light
collection efficiency in a scintillator tile depends on the light reflection efficiency. As shown in Fig.6b.9,
the parametric dependence of the light collection efficiency on the attenuation length, calculated from our
optical model[6], is in a good agreement with the experimental results shown in Table6b.3.

The new plastic base of the scintillator material and the new production technology of tiles yields
97% reflection efficiency from the scintillator surface, and strongly improves the reproduction quality (see
Fig. 6b.10) of the tiles. The latter is crucial for good longitudinal light collection uniformity. Due to the
fluctuation of the depth of the electromagnetic shower in the calorimeter module, good reproduction quality
of the tiles is a mandatory condition for an appropriate performance of the3%/

√
E (GeV) module.

Fluors for the new scintillator composition, BASF143E polystyrene + 1.5%pTP + 0.04%POPOP were
selected[12,13] to match well with the absorption spectrum of the Kuraray Y11(200)MS WLS fiber (Fig.6b.11).

With selected BASF143E-based scintillator and KURARAY fibers, the effective light yield in the KO-
PIO Shashlyk module (at the entrance to the photodetector) becomesNγ ∼ 60 photons per 1 MeV of the
incident photon energy.

It was reported[12] that the radiation stability of BASF143E-based scintillator is a dose level 120 krad,
and the recovery time is about 80 days. This limitation will not be a problem for the KOPIO Calorimeter.
According to our estimates, the most active scintillator tiles will acquire only about 5 krad during 60 days
of the KOPIO run. Also, a recent radiation stability test of the KOPIO Calorimeter scintillator showed a
better result[14] than that quoted in Ref.[12]. This disagreement in BASF115E radiation stability measure-
ments is being investigated further. The most likely reasons are changes in the technology of the scintillator
production such as the effect of new special additives that speed up the recovery process.
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Table 6b.3. Scintillators tested for the KOPIO Shashlyk module. The “light yield” is
the amount of light produced in the scintillator without respect to the light collection
efficiency, while “MIP light yield” is the detected light signal per minimum ionization
particle passing through the scintillator tile. The “effective attenuation length” was
measured for thin, 1.5-mm scintillator tile.

Scintillator: Light Effective MIP

Polystyrene+Fluor1+Fluor2 yield attenuation light yield

Manufacturer (% of Anthracene) length in tile (cm) ( p.e. per tile)

PSM115+1.5%pTP+0.04%POPOP 53± 6 4.3± 0.2 4.4± 0.3
TECHNOPLAST, 1998 100%

BASF158K+1.5%pTP+0.04%POPOP 56± 6 5.0± 0.2 5.6± 0.3
IHEP, 2001 (127± 10)%

BASF165H+1.5%pTP+0.04%POPOP 56± 6 5.3± 0.3 6.4± 0.3
IHEP, 2001 (145± 10)%

BASF143E+1.5%pTP+0.04%POPOP 54± 6 5.4± 0.2 7.1± 0.3
IHEP, 2002 (161± 10)%

6b.2.4 Photodetector

The Avalanche Photo Diode (APD), a detector with high quantum efficiency, provides another important
improvement of the photostatistics contribution to the energy resolution of the KOPIO Shashlyk module.

Our preliminary experimental studies of the fine-sampling Shashlyk modules[6] have shown that the
performance of Shashlyk calorimeter modules with photomultiplier (PMT) readouts agrees with the simu-
lations and nearly satisfies the requirements of the KOPIO experiment. However, these test measurements
were made in an optimal environment for PMT readout: no magnetic fields, short measuring runs, and con-
tinuous and stable photon beams.

These conditions do not properly represent those that will be encountered in the KOPIO experimental
environment. Our main concern is related to the leakage of the magnetic field from the downstream magnet
of up to 500 Gauss. In addition, the quantum efficiency of PMTs, which is about 18% at 500 nm (the region
of WLS-fiber response) for the best “standard” green-sensitive tubes, is relatively low.

This is why we searched for an alternative photodetector for the KOPIO Calorimeter. Recent progress
in the development of new Avalanche Photo Diodes (APD) with large active areas (up to 200 mm2), low
capacitance, low dark current, high gain (up to 1,000), and high quantum efficiency (up to 90%) allows us
to consider these photodetectors as primary candidates for the KOPIO Calorimeter. Some characteristics of
available large-area APDs are shown in Table6b.4. For comparison, the parameters of the green-sensitive
PMT-9903B and the well-known small-area Hamamatsu APD S8664-55 are also displayed.

Here, we briefly report the results of our study of the large area APDs.
Operation in magnetic fields: APDs can operate in a magnetic field of up to 80 kGs[15], far beyond the

requirements of the KOPIO experiment.
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Table 6b.4. Some experimental and catalog parameters of the green-extendeds PMT-
9903B and three pre-selected large-area APDs. Data for a well-known small-area APD,
produced by Hamamatsu Corporation, are shown for comparison.

PMT APD
9903B 630-70-74-510 S1315 C30703E S8664-55

Item (Electron (Advanced (RMD (Perkin- (Hamamatsu
Tubes, Photonix, Instruments, Elmer, Photonics,
Inc.) Inc.) Inc.) Inc.) K.K.)

Active area (S) ∼ 600 (�30) ∼ 200 (�16) 169 (13× 13) 100 (10× 10) 25 (5× 5)
(mm2) (mm2) (mm2) (mm2) (mm2)

Quantum eff. (Q) 19 94 66 76 81
atλ = 550 nm (%) (%) (%) (%) (%)
Gain (M ) ≥ 105 ≤ 1000 ≤ 10000 ≤ 200 ≤ 200
Specific ∼ 0.01 ∼ 0.65 ∼ 0.71 ∼ 1.0 ∼ 3.2
capacitance (C) (pF/mm2) (pF/mm2) (pF/mm2) (pF/mm2) (pF/mm2)
Series – ∼ 10 ∼ 40 ∼ 15 ∼ 5
resistance (RS) – (Ohm) (Ohm) (Ohm) (Ohm)
Density of surface ≤ 5 ≤ 300 ≤ 1700 ≤ 800 ≤ 100
current (IS/S) (pA/mm2) (pA/mm2) (pA/mm2) (pA/mm2) (pA/mm2)
Density of bulk ≤ 0.1 ≤ 3 ≤ 4 ≤ 5 ≤ 6
current (IB/S) (pA/mm2) (pA/mm2) (pA/mm2) (pA/mm2) (pA/mm2)
Excess noise ∼ 1.5 ∼ 2.2 ∼ 2.1 ∼ 3.6 ∼ 2.7
factor (F ) (M' 105) (M' 100) (M' 100) (M' 100) (M' 100)
k-factor – ∼ 0.002 ∼ 0.001 ∼ 0.015 ∼ 0.007
Width (FWHM) of − ∼ 65 ∼ 75 ∼ 10 ∼ 12
multiplication zone (µm) (µm) (µm) (µm)
Intensity of E-field − ∼ 230 ∼ 210 ∼ 340 ∼ 380
inside of M-zone (kV/cm) (kV/cm) (kV/cm) (kV/cm)

Size of the active area: The fibers from the KOPIO Shashlyk module are collected to a 14 mm diameter
bunch. This size is well matched to the Advanced Photonics Inc. APD 630-70-74-510 (API APD), which
has diameter of 16 mm.

Response uniformity of the active area: This feature is important for the Shashlyk module because each
fiber delivers light to only a small part of the total sensitive area.The response of the selected APD varies by
less than 3% over the active area. Usually, PMTs exhibit poor spatial response uniformity (≥ 20%).

Quantum efficiency of the sensitive area: Photostatistics, directly dependent on the quantum efficiency
(Q) of the photodetector is an important contribution to the energy resolution of a calorimeter. For green light
emitted by Kuraray fibers, the APDs have much higher quantum efficiencies than PMTs (see Fig.6b.12).
For example, the quantum efficiency of the API APD is 94%, a factor 5 higher than quantum efficiency of
the 9903B PMT. It should be noted that that the photostatistics contribution depends also on the fluctuations
of the photodetector gain,(σE/E)2ph.stat. = F/QNγ , where F is the so-called excess noise factor andNγ

is the number of primary photons at the entrance of the photodetector. For an ideal photodetector,F = 1,
for a high-linearity PMTFPMT is usually between 1.3 and 1.6. For a high-gain APD, excess noise factor
linearly depends on the gainMAPD, FAPD ' 2 + kMAPD[16,17]. The experimentally measured behavior
of FAPD versusMAPD, for some selected APDs, is shown in Fig.6b.13. Taking into account both quantum
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efficiencyQ and excess noise factorF , we conclude that API APD has best “photostatistics quality”,Q/F '
43%, (MAPD ' 100), about a factor 3.5 better than 9903B PMT.

Electronic noise of the photodetector/amplifier chain: The contribution of the electronic noise of the
photodetector/amplifier chain to the energy resolution is usually referred to as the Equivalent Noise Charge
(ENC) of a photodetector readout chain,σENC. In the case of a Charge Sensitive Amplifier (CSA) with a
simpleCR-RC shaper, the ENC can be estimated from:

σ2
ENC =

IS/M
2 + IBF

4q
∆t+ σ2

amp/M
2, (5)

whereq is the charge of an electron,∆t is the charge integrating time of the photodetector/amplifier chain
andσamp is the ENC of the amplifier, Surface leakage currentIS and bulk currentIB are two independent
components of the photodetector dark currentId = IS+IBM . It is assumed that∆t is bigger than the signal
pulse duration. For a PMT-readout without amplifier,σENC ' 0 due to a very small PMT dark current. The
experimentally measured behavior of the APD dark current versusMAPD for some selected APDs is shown
in Fig. 6b.14. For the API APD, the ENC contributions of the leakage current to the energy resolution may
be estimated as' 14 electrons for∆t ≈ 100 ns andMAPD ≥ 100. The value of the amplifier noiseσamp is
usually measured experimentally. The noise characteristics of some fast CSAs are shown in Fig.6b.15. For
the API APD, which has capacitance about 130 pF, and the2 × SK2394 CSA, the amplifier noise may be
estimated asσamp/MAPD ' 18 for MAPD ' 100. Assuming 60 photons at the entrance of photodetector
per 1 MeV of the deposited energy, the total electronic noise contribution to the energy resolution of the
KOPIO Shashlyk module is about0.4 MeV for the API APD. This value is negligible for the energy range
of the KOPIO experiment.

Gain and noise dependence on the temperature: The APD performance is very sensitive to the envi-
ronmental temperature. Since,1

M
dM
dT ' −4%, thermostating and gain monitoring is an important condition

of using APDs in the KOPIO experiment. For the API APD, noise dependence on temperature is shown in
Fig. 6b.16. To reduce noise, a thermostable cooling system should be used.

Gain dependence on High Voltage: According to our experimental study of the API APD,1
M

dM
dV ≈

(2− 3)% depending on the environment temperature and gain. The dependence is similar to those of PMTs.
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Fig. 6b.17. PMT-9903B (left) and APD-630-70-74-510 (right) responses to the short
light pulse. The duration of the light pulse is about 3 ns. The intensity of the light pulse
is about 40,000 photons which corresponds to the 700-MeV photon signal.

Gain dependence on the rate: Contrary to PMTs, there is almost no dependence of APD gain on rate.
In our test measurements with API APD, we did not find any gain variations for the rates up to fewMHz.
However, APDs are used with preamplifiers. For slow preamplifiers, there may be rate dependence due to
the pile-up.

Time response of the API APD: The time response of the API APD to a short-duration (3 ns) light pulse
with an intensity corresponding to 700-MeV photon, is shown in Fig.6b.17. One can see that a rise time of
the APD response pulse (without any amplifier) is fast enough. Its value of 5.9 ns is comparable with 3.7 ns
for the PMT-9903B response to the same light pulse. The fall time of the APD response pulse, 18.1 ns, is
longer than that for the PMT response, 7.2 ns, due to higher APD capacitance. The difference between PMT
and APD time response becomes less essential, if we take into account the Shashlyk module signal duration
(see Fig.6b.5).

To summarize, the Advanced Photonics Inc. APD 630-70-74-510 was chosen for the test beam measure-
ments since it has the best properties for photoelectron statistics and for electronic noise. This commercial
device has the highest quantum efficiency over a wide spectral range (see Fig.6b.12), the lowest dark cur-
rent and, especially, the lowest bulk dark current (see Fig.6b.14) compared with other pre-selected APDs.
Its excess noise factor is low enough,F -values are spread between 2.2 and 2.5 for the APD-gain range of
150–350 (see Fig.6b.13).

These characteristics of the Advanced Photonics Inc. APD together with the improved light yield in
the new Shashlyk module allow us to reduce the photostatistics contribution to the energy resolution of
the calorimeter to the negligible level of0.7%/

√
E (GeV), while the electronic noise contribution of≤

0.4 MeV is also negligible.

6b.3 Experimental Study of Prototype Modules

Test measurements of the prototype of a Shashlyk calorimeter with energy resolution of3%/
√
E (GeV)

have been made with the photon beam from the Laser Electron Gamma Source (LEGS) facility[18] at
Brookhaven National Laboratory.

The tagged photon beam had a mean intensity of∼ 3×105 Hz, a size of∼1.5 cm at the detector position,
and an angular spread of∼2 mrad. The photon energy was tagged with an accuracy ofδEγ/Eγ ≈ 1.5%.
The timing accuracy of the tagging spectrometer was'1 ns. Several monochromatic photon energy lines in
the range of 220–370 MeV were triggered in our measurements.
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Fig. 6b.18. View of an APD unit.

FT1 and FT2 are the 2SK2394 YJ-5 JFETs (SANYO).

VT1 is the 2N4260 bipolar transistor.

VT2 is the 2N3600 bipolar transistor.

U1 is the AD8009 amplifier (Analog Devices).

VR1 is the 78L05 Positive Voltage Regulator.

VR2 is the 79L05 Negative Voltage Regulator.

All schematic components are the surface-mount elements.
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Fig. 6b.19. The functional scheme of an APD charge sensitive amplifier.

Two arrays of3 × 3 prototype modules with equal lead/scintillator structure were tested to compare
response of the:

◦ conventional module’s design (paper between lead and scintillator) with the new module’s design (no
paper between lead and scintillator);

◦ conventional PMT photodetection with the new APD photodetection; and

◦ conventional QDC digitizing of signals with the new Wave Form Digitizing (WFD) of signals.

The first array (prototype 1) contained 9 conventional modules with the 30-mm-diameter, green-extended
PMT-9903B ofElectron Tube Inc.The PMT signals were digitized with a conventional 12-bitLeCroyQDC.
The second array (prototype 2) contained a nonet of new design modules equipped with the 16-mm-diameter
APD 630-70-74510 ofAdvanced Photonix Inc.An instrumented APD-unit is shown in Fig.6b.18, which
includes the APD itself, the APD amplifier, and the APD HV bias.

For these test measurements, a fast low-noise CSA has been designed to optimize the signal-to-noise
ratio and the double-pulse resolution. The overall linear chain of the amplifier is shown in Fig.6b.19. It
consists a charge-sensitive preamplifier and a shaper-amplifier. The charge-sensitive part of this scheme is
designed as a cascode amplifier with two parallel-connected low-capacitance JFET transistors to improve
the signal/noise ratio. The second stage of the amplifier provides a cancellation of the signal tail by a “pole-
zero cancellation” network (τ ' 18 ns), and also provides an additional amplification of the signal. Two
types of the low-capacitance input JFET transistors have been considered for this amplifier: the Russian
2P341A transistor and the Japanese SK2394/YJ5 transistor. Both transistors are characterized by a high
transconductance (gm > 20 mA/V) for moderate drain current and low input capacitance (CJFET < 10 pF).
The ENC of the designed amplifier for both versions of the input JFETs was measured for several detector
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Fig. 6b.20. A typical response of the
nonet of Shashlyk modules to 340-MeV
photons.
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the APD+WFD readout.

capacitances up to 150 pF. Results are shown in Fig.6b.15. We used the amplifier with two SK2394/YJ5
transistors (KOPIO -2× SK2394) in the test beam measurements.

To stabilize the APD’s temperature at(18◦ C during the test measurements, the prototype was placed
in a thermostat. During the test period of 24 hours, the temperature variation did not exceed 0.2◦ C.

In the test measurements, two types of APD HV supplies were tested: aBERTAN377P of NIM standard
and a HV “built-in” unit (see Fig.6b.18) with a new commercial compact LV-HV converter (C20), produced
by EMCO. The stability of both bias systems was better than 0.1 V/hour, which provided an APD gain
stability better than 0.3%. Both 8-bit 140-MHz WFDs, developed by Yale University, and conventional
12-bit LeCroy QDCs were used for digitizing the APD signals.

Both calorimeter prototypes were mounted on platforms that could be moved horizontally and vertically
with respect to the beam line, so that each prototype module could be calibrated (with an accuracy≤ 1%) by
using the 250-MeV photon beam that passed through the central region of the module at normal incidence.
The PMT and APD gains were monitored continuously by using LED signals.

The pedestal response, the sum of electronic noise and pile-up for individual modules, was measured
during the test runs by using a special gate signal that was shifted from the photon timing by up to 1µs.
The contribution of this effective noise to the energy resolution was(0.5 ± 0.1) MeV for the case of the
“APD+QDC” readout. The total equivalent noise for the “APD+WFD” readout was(1.0 ± 0.2) MeV. This
value is twice as large as that for the first one due to a digitization uncertainty of the 8-bit WFD. The lowest
equivalent noise,(0.2± 0.1) MeV, was obtained with the PMT-9903B tubes.

The typical response of the nonet of the “APD+WFD”-instrumented modules to a 340-MeV photon
hitting the nonet at the center of the central module, is shown in Fig.6b.20. The measured signal distribution
in the WFD was fit by a functionAf(t− t0) + P , wheref(τ) is an experimentally determined pulse shape
function. The signal amplitudeA, signal timet0, and pedestalP were free parameters in the fit.

6b.3.1 Energy Resolution

The energy resolution was measured for both prototypes 1 and 2. The photon beam was directed to the
center of the module nonets. Energy spectra of 250- and 370-MeV photons in the Shashlyk nonet with the
APD+WFD readout are shown in Fig.6b.21. Note the good agreement between Monte-Carlo and experi-
mental distributions.
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The energy-resolution results for various prototypes of calorimeters are displayed in Fig.6b.22. The
best result was achieved for the “APD+WFD” readout. A fit to these experimental data gives

σE/E = (1.96± 0.1)%⊕ (2.74± 0.05)%/
√
E (GeV),

where⊕ means a quadratic summation. The relatively large constant term of 2% may be explained by the
short, 15.9-X0 radiation length of the module. However, this term is not essential for the KOPIO where a
total of 21.7 radiation length will be used.

The model developed for the simulation of a Shashlyk module accurately predicts the energy resolution
from the module parameters. A comparison of the predicted energy resolution with experimental results is
shown in Fig.6b.23.

6b.3.2 Time Resolution

To estimate the time resolution, we measured the time difference for the signals produced by the same
shower in two neighbor modules. By using this measurement technique, the 340-MeV photon beam was
directed between central module (#5) and left module (#4). The photon energy distributions in the nonet of
the Shashlyk modules during the timing measurements, are shown in Fig.6b.24.

Only events with the full photon energy (E4 + E5 = 320 ± 20 MeV) deposited in these two modules
were selected for analysis. The dependence of the time difference dispersion on the energy deposited in one
module is shown in Fig.6b.25. The time difference resolution drops significantly if one of the two deposited
energies is close to zero or, alternatively, if one of the energies is close to 340 MeV. Assuming that both
modules have the same time resolution∼1/

√
E, we have obtained from Fig.6b.25

σT = (90± 10) psec/
√
E (GeV) .

In the Monte-Carlo simulation of these measurements, we have obtained

σT4−T5(E4 = E5) = 280 ps

which is in a good agreement with the experimental value of 285 ps (see Fig.6b.25).
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The signals we compare to evaluate the time resolution are strongly correlated because they are pro-
duced by the same electromagnetic shower. This may result in a wrong value of the time resolution. For
example, the contribution of the longitudinal fluctuation of the shower is suppressed in such measurement.
To ensure that our test beam result does not underestimate the actual time resolution, we carried out the
Monte Carlo calculation of the time resolution. One can conclude from Fig.6b.26that there is no evidence
of underestimating the time resolution in our test beam measurement.

6b.3.3 Photon Detection Inefficiency

To estimate the photon detection inefficiency due to fiber holes, a prototype 1 nonet was located behind
prototype 2 array. The absence of the signal in the front array, while the total photon energy was deposited
in the second was interpreted as a penetration of the photon through the first prototype without interaction,
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e.g. through a fiber hole. 250 MeV photons were directed onto the face of the first array. The measured
dependence of the photon detection inefficiency on the beam incident angle is compared with the simulation
in Fig. 6b.27. The relatively coarse step in the measured angles does not allowed us to accurately compare
experimental results with the simulation. However, our measurements clearly indicate that the effect of the
WLS fiber holes is negligible if the incident angle is≥ 5 mrad. For such angles, our experimental results
agree well with the probability of photon interactions in about 8.25 cm of lead and 45 cm of scintillator.

6b.3.4 Long-term APD Stability

The APD gains were monitored by using LED signals during a run time of 24 hours to test the long-
term stability of the APD gain. Experimental data, illustrating the long-term stability of the APD readout of
the calorimeter prototypes, are shown in Fig.6b.28. No APD gain dependence on the photon beam intensity
was observed after changing the photon beam rate from 0 kHz to 300 kHz. The variation of the APD gain
did not exceed 1%.

6b.4 Mass Production of the Shashlyk modules

Test beam study of the Shashlyk modules prototype showed that this module with APD+WFD readout
satisfy the requirements of the KOPIO experiment. The only significant modification in module design will
be an increase to 19 radiation lengths. This change may be accomplished with only a minor changes in
the manufacturing technology, provided that new modules contain 340 layers of 300-µm lead and 1.5-mm
scintillator tiles. According to our experience, the energy and time resolution are expected to be the same as
for the tested 15.9-X0 prototypes. Some worsening of the energy resolution due to the new sampling ratio
is compensating by the improvements due to the shorter effective radiation length and smaller longitudinal
leakage of the shower.

We plan to produce all 1600 modules for the KOPIO calorimeter at IHEP[8], where prototypes were
manufactured. Currently, all equipment is ready for mass production of the modules. It is expected that 6
APD-instrumented modules will be produced per day.

72



Fig. 6b.29. Calorimeter structure in closed and opened positions.

After the test beam measurements, when we successfully tested API APD, significant progress in the
development of the large area APDs has been achieved by RMD Instruments Inc. and Hamamatsu Photonics.
Thus the possibility of using other APDs, instead of the Advanced Photonics Inc. 630-70-74-510, is being
considered. The technical characteristics as well as the cost will be taken into account.

6b.5 Calorimeter Mounting

The Calorimeter will be mounted in a support structure similar to that of the BNL E865[1] and HERA-
B[4] calorimeters (Fig.6b.29). Two requirements on the support structure beyond the simple necessity of
structural strength and stability must be met. First, the rear of the Calorimeter must be accessible for mainte-
nance of the photodetectors. This requirement means that the two halves of the Calorimeter must be movable
horizontally to a point where the photodetectors are laterally displaced beyond the shield of the downstream
sweeping magnet. Second, the modules directly over the beam pipe must be supported such that their weight
is not on the pipe. The Calorimeter assembly will be mounted on wheels which roll on railroad tracks.

Two methods of holding the modules in place laterally are being considered. The first is to employ steel
straps, about 100-µm thick, affixed to the vertical columns of the support structure and running around the
modules in half a row, from the edge to the center of the Calorimeter. This method is used in HERA-B and
is thus known to be viable.

The second method of supporting the modules laterally is to support the modules with aluminum plates,
front and back, each of which cover half the Calorimeter – from the edge to the center (see Fig.6b.29).
Because the the thickness of the front aluminum plate can have fewer radiation lengths than a single lead
plate in a module, this method of support does not compromise the performance of the Calorimeter.

Supporting the modules over the beam pipe can be accomplished with steel straps for the first method,
and by the plates for the second method.

6b.6 Calorimeter Cooling System

To provide the required energy resolution of 6% for 250-MeV photons, the APD gain should be con-
trolled with accuracy better than 0.5%. This corresponds to the temperature stability of≤ 0.1◦C for the API
APD. However, if the APD gain is continuously monitored, a cooling system with∼ 0.5◦C thermo-stability
can be used. The other purpose of the cooling system is to reduce the electronic noise. The APD temperature
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Fig. 6b.30. A sketch of the cooling unit.

of 15◦C will allow us to keep the ENC below a 20 electron level, which corresponds to a 0.4 MeV in photon
energy.

We plan to employ eight separate thermo-isolated cooling units (Fig.6b.30) in the Calorimeter, one unit
per 200 (10 × 20) channels. The unit operation is based on circulation of a liquid coolant through a heat
exchanger, located inside the unit. The estimated total heat flow (mainly due to the air around the Calorimeter
and readout electronics) is about 250 W per one unit. Each unit will equipped with a commercial refrigerated
bath circulator, JULABO FP50-HE produced by JD Instruments Inc, with a cooling capacity of 800 W at
0◦C, pump capacity of 5 psi, and flow of 20 l/min. To prevent the accumulation of humidity inside the unit,
a hermetic design of the unit and a chemical water-absorbing reagent will be employed.

A study by the MECO collaboration of a similar cooling system prototype showed a temperature sta-
bility of about0.1◦C during one month of monitoring[19].

6b.7 Calorimeter HV System

Because the new Calorimeter photodetector (APD) draws only its photocurrent with typical values
much less than 0.1 mA, an economic way to build the Calorimeter HV system is to develop an active,
compact, low-current individual HV-unit, mounted directly into each APD housing. This kind of HV system
eliminates expensive and bulky HV cables and connectors, lowers the power consumption per individual
power supply, and reduces the electrical HV hazard associated with traditional HV supplies.

We tested a new EMCO Corporation LV-HV converter, the C20 with analog control[20] (see Fig.6b.18)
Its performance was found to be satisfactory for the KOPIO calorimeter with APD readout. The technical
characteristics of this converter are discussed in the “Photodetector Electronics” section of this report.

6b.8 Calorimeter Front-End Electronics

The front-end electronics (FEE) of the Calorimeter will process photodetector signals and provide
energy, timing, and trigger information to the experiment’s data-acquisition and trigger systems. For the
Calorimeter, the electronics will be designed to be capable of measuring energies with a digitization un-
certainty of 0.2 MeV in a dynamic range of 0.5–1000 MeV and the time of arrival with respect to the
beam microbunch clock with an uncertainty of less than 100 ps. Operation of the FEE has to be completely
pipelined with no dead time. It will also be capable of forming and discriminating the total energy signals
and the total number of hits in the Calorimeter. Taking into account the performance requirements for en-
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ergy and timing resolutions of the calorimeter and other detectors with PMT or APD readout, our concern
about effective and economic way for the energy and timing measurement and, also, our experience of the
WFD-data processing, we have chosen a unified WFD design with a 250-MHz coding frequency and 10-bit
dynamic range.

The design of the WFD board and the input chain for this board should satisfy the following conditions:

◦ Full duration times of pulses≤ 40 ns to optimize the energy/time resolution (the signal-to-noise
ratio) and the double-pulse resolution in order to avoid strong pile-up effects between consecutive
microbunches;

◦ fast, 250-MHz, flash ADCs with a 10-bit dynamic range;

◦ an event storage in a 64-microbunch-deep pipeline buffer, providing a 10-µs latency;

◦ transferring of raw data, selected by the L1-trigger, to Crate Data Collection boards at a rate of least
20 Mbytes/sec.

The proposed design of the Calorimeter front-end electronics is based on our beam test experience with the
8-bit 140-MHz WFD and on similar studies in the PHENIX[21] and LHCb[22,23] projects. Schematically,
the Calorimeter FEE design is given in in Fig.8.2of the “Photodetector Electronics” section.

6b.9 Calibration and Monitoring of Calorimeter

To achieve the required energy resolution of the KOPIO Calorimeter,∼3.0%/
√
E, an appropriate cali-

bration and monitoring system must be developed.
The ultimate calibration will be donein situ by usingπ0 decays from backgrounds and specially trig-

gered events acquired during the experiment. The advantage of such calibration is that it is carried out
under the same conditions and with the same methods as those for the studied process. For example, the
Calorimeter may be calibrated together with the Preradiator, by using photon showers distributed between
both detectors. The drawback of such a process is that it requires a relatively long period of data accumula-
tion to achieve a sufficient number of calibration events. Thus, two supplemental systems are required: one
to pre-calibrate the Calorimeter with an accuracy of a few percent, and another to monitor its performance
and restrict the variation of the photodetector gains to the order of 0.4%. We describe below our current
ideas about such a system.

6b.9.1 Pre-calibration System

We will use cosmic-ray muons for pre-calibration, as we did in Experiment E865[2]. This pre-calibration
is based on the assumption that the mean value of signals from cosmic-ray muons passing vertically through
Shashlyk modules is approximately the same for all modules. In E865, we were able to pre-calibrate its 600
modules with an accuracy of 4% in one hour, even from a “cold start.” Cosmic-ray muon calibration also
provided long term monitoring of the photodetector gains with an accuracy of 1–2%.

This technique simply requires a special trigger that recognizes cosmic muons vertically penetrating the
entire Calorimeter. Such a trigger can be formed from a coincidence between the top and bottom horizontal
layers of modules, gated between AGS pulses.

6b.9.2 Monitoring System

The monitoring system employs light flashers and must satisfy a number of specific requirements:

◦ high long-term and short-term temperature stability — better than 0.1%;

◦ short light pulse duration —less than 50 ns;

◦ small variation in the flash amplitude —less than 0.2%;
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◦ a large number of photons in the light pulse – more than 10,000 photons/channel; and

◦ variable pulse repetition rate and intensity.

These requirements can be met with Light Emitting Diodes with a brightness of 5–10 Cd that have recently
been developed (‘ultra bright LED lamps’). We plan to use the NSPB-500S to inject blue light into the
scintillator.

The monitoring system is based on an electronic method of stabilization of the LED light output by
means of an optical feedback provided by a PIN photodiode[24,25]. The PIN diode monitors the LED light
output, and a feedback loop employs this signal to adjust the driving pulse amplitude of the LED. As shown
in references[24] and[25], the PIN diode has a temperature coefficient∼4×10−4/◦ C, with a long-term
stability of better than10−4. As a result, the monitoring system described in Ref.[24] shows a long-term
stability of better than 0.1%.

A block diagram of the Calorimeter LED monitoring system is described in the “Photodetector Elec-
tronics” section of this report. From the analysis of existing monitoring systems and our preliminary test
measurements of small prototypes, we conclude that the this type of monitoring system will have long-
term and short-term stability that meets our 0.1% requirement. The monitoring system will also serve as a
pre-calibration of the module readout chain at the 10% level.

6b.10 Summary

Modules for a KOPIO Shashlyk Calorimeter with energy resolution

σE/E = (1.96± 0.1)%⊕ (2.74± 0.05)%/
√
E (GeV) ,

time resolution
σT = (90± 10) psec/

√
E (GeV) ,

and a photon detection inefficiency due to Fiber holes of

ε ≤ 5× 10−5 (Θbeam > 5 mrad)

have been constructed and experimentally tested. The characteristics experimentally determined for the
Calorimeter prototype well meet the design goals of the experiment.

To optimize the Calorimeter module design, a Monte Carlo simulation model of the Shashlyk module
response to incident particles, based on experimental data, was developed. It includes the effects of shower
evolution, light collection in scintillator tiles and light transmission in WLS fibers, the response of the
photodetector, and noise of the entire electronic chain. This model describes the experimental data very
well.

The readout chain has been modeled on existing systems and fits well in the overall KOPIO readout
scheme. The readout technique used for the Calorimeter will be used for other photodetector systems in
the apparatus. Monitoring and calibration systems have also been designed based on existing technology.
They will well meet the required precision and stability necessary to maintain the energy resolution of the
Calorimeter,

The mechanical issues in mounting a large calorimeter have been addressed and solved in existing
detectors. This fact also gives us confidence in our cost and manpower requirement estimates.
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6c KOPIO Photon Veto System

The main concern in measuringK0
L → π0νν̄ decays is rejection of background, most of which occurs

when two photons from aK0
L → π0π0 decay are missed. While kinematic reconstruction of theπ0 gives a

handle for suppressing such backgrounds, the primary background suppression technique involves obtain-
ing the maximal efficiency for detecting any extra photons. KOPIO requires state-of-the-art photon veto
detection efficiencyi.e.better than 0.9999 per photon with energies above 150 MeV with minimal loss from
random vetos. Because the momentum of theK0

L in KOPIO is determined by time of flight, all elements
of the photon veto system must have good time resolution of about 200 ps for photon energies of 100–200
MeV. The full solid angle around the 4-m-long kaon decay region must be covered.

Sandwich counters of lead and plastic scintillator will be used primarily for the KOPIO photon veto de-
tectors. In addition to the PR/CAL system which covers the forward decay region, and the Catcher covering
the direct downstream beam region, the Photon Veto (PV) system includes the Upstream Photon Veto wall
(US), the Barrel Veto (BV), the Magnet Photon Veto (MPV), and the Downstream Photon Veto (DS). The
PV systems will be described in this section.

The relative locations of the PV system in the setup are shown in Fig.6c.1. The BV is assembled
of Shashlyk modules. The other detectors are made of logs with readout at both ends. Because the BV is
also used in some measurements of signal events as mentioned in Sec.3, it features a high light output
and fine sampling segmentation appropriate for energy measurements. The log design provides readout
segmentation over its thickness. The light from the scintillators is read out through embedded Wavelength-
Shifting fibers (WLS). A two-ended readout in the logs provides good timing as well as redundancy for
failed channels. The WLS fibers in the logs are placed in grooves that run along the plastic scintillator slabs
with a spacing of 10 mm. In the Shashlyk modules, the fibers pass through holes in the scintillator and
lead plates. The large volume of plastic scintillator needed for coverage of a very large solid angle, and the
extremely high detection efficiency required to reach the physics goals, makes the design of the veto system
very challenging.

Calorimeter
Preradiator

Neutral  kaon  beam

Catcher

Downstream veto

Magnet photon veto

Barrel  photon  veto

Upstream veto

Fig. 6c.1. Positions of the photon veto detectors along the beam. The Magnet Photon
Veto is mounted inside the D4 sweeping magnet, which is placed behind the Calorime-
ter.
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6c.1 Barrel Veto Detector

6c.1.1 Barrel Shashlyk Concept

The Barrel Veto (BV) surrounds the kaon decay volume and the sides of the Preradiator as shown in
Fig. 6c.1. It is the largest of the photon veto detectors with a total volume of about 16 m3 and 55-t weight.
The initial design for the BV envisaged a detector assembled from logs. The current design is a cylindrically
shaped BV assembled from 840 Shashlyk modules. This design is illustrated in Fig.6c.2. The length of the
BV is 4 m, and its inner diameter is 2.5 m.

The development of Shashlyk-type detectors in recent years has been impressive. Shashlyks can now
provide timings that are about the same as for logs, yet with higher light output and better energy resolution.
The fine-sampling structure of a Shashlyk produces good photon detection efficiency without an expensive
increase in the number of applied WLS fibers, as would be required in logs. One of the possible problems,
holes made in the Shashlyk medium to incorporate the readout fibers, was investigated with simulation
tools. Due to the angular distribution of the incident photons, these holes in the BV modules contribute a
negligible inefficiency compared with other sources. Furthermore, the cylindrical Shashlyk version of the
BV appears to be preferable for the mechanical design of the support structures. Each of 20 rings has 42
Shashlyk modules shaped as truncated pyramids. Altogether, the rings cover a 4-m-long kaon decay volume.
The modules are attached at their back ends to metal ring structures of 4-m outer diameter. Five rings form
an independent section. The sections slide on rails in the downstream direction to open access inside the
BV for service to the vacuum region and the charged-particle veto detectors. The method of supporting a
Shashlyk module from an end was checked with the modules for the PHENIX calorimeter at the RHIC
facility. A module attached to a wall was loaded at its free end with a similar module, and the deviation at
the free end was measured to be about 0.1 mm. In a ring configuration, this type of deformation does not
matter as the ring will be loaded with the modules in a horizontal plane. Then the ring is then lifted into the
vertical position. Shashlyk ring assemblies are shifted in the azimuthal plane relative to their neighbors so
as to close the gaps in polar angles between modules.

A few prototype modules for the Shashlyk BV were manufactured at the IHEP Scintillation Factory.
An assembled module without WLS fibers is shown in Fig.6c.3. Real modules for the BV will be roughly
twice as large as those made on the base of existing technology for the KOPIO Calorimeter Shashlyks. A
total of 240 Pb/Sci layers was assembled with two scintillator-molded plates per layer. A truncated pyramid
shape was obtained by slicing the two sides of the whole module with a milling cutter.

Segmentation of the BV is defined by the following considerations. Cost restricts the number of mod-
ules. The module size is constrained by the background rate per readout channel and the algorithms for
hit-pattern recognition. As a compromise, the cross-sectional size was chosen to be roughly20× 20 cm2 at
the front face.

6c.1.2 Optimization of BV Shashlyk Modules

The scintillator tile thickness was fixed to be 1.5 mm. The KOPIO Calorimeter Shashlyks made with
such tiles produce about 32 photoelectrons (p.e.) per MeV of visible energy. Increasing the thickness would
lead to a longer length of the module, and thus a wider spread of the electromagnetic shower. A larger
detector volume deteriorates the timing and background conditions. Thinner scintillator tiles could change
the light collection efficiency in the modules as well as reduce the sampling ratio between the active and
passive media.

The thickness of a single lead layer and the radiation length of a module for photon detection efficiency
were investigated. Figure6c.4shows the punch-through and sampling inefficiencies at different thicknesses
of a single lead layer. The number of layers varies for a fixed radiation length. Simulations were done for
20-MeV photons, being the most difficult to detect. The incident angle of 30◦ with respect to the normal
to the surface is a typical average angle with which the photons hit the BV. The detection threshold is
0.5 MeV. The optimum lead thickness for a fixed radiation length was taken to be the point where the
punch-through inefficiency is close to the sampling one. For 17 X0, the optimum lead thickness is 0.55 mm.
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Fig. 6c.2. Cylindrical Barrel Veto assembled from 840 Shashlyk modules. Shashlyk
rings of 2.5-m inner diameter are shifted in the azimuthal plane relative to neighboring
rings so as to close the gaps in polar angles between modules.
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Fig. 6c.3. Prototype Shashlyk module for the photon Barrel Veto.

The thickness becomes 0.5 mm for 19 X0. As shown in Fig.6c.4, there is almost no advantage in making the
lead thinner than 0.4 mm so as to obtain a better sampling inefficiency, which is close to10−4 for 20-MeV
photons. Increasing the number of radiation lengths from 17 to 19 X0 reduces the punch-through inefficiency
to the level of the sampling one. For 0.5-mm/1.5-mm Pb/Sci segmentation, the visible energy fraction is
22%. Photonuclear interactions and the desired energy resolution are the main reasons for reducing the
lead thickness to 0.4 mm. The punch-through inefficiency versus energy is shown in Fig.6c.5for normally
incident photons. Due to the angular distribution of photons, a 17-X0 module corresponds to 19-20 X0 of
effective radiation length.

A BV assembled of Shashlyks was simulated with a realistic kaon beam model in order to obtain photon
energy and angle distributions. The following Shashlyk parameters were applied: 0.5-mm/1.5-mm Pb/Sci
layers, 190 layers (17 X0), 0.1-mm reflective wrapping, and a 0.25-mm empty gap between modules. The
resulting inefficiencies shown in Fig.6c.6are almost an order of magnitude smaller than the inefficiency
specified for KOPIO in Sec.6f. Photonuclear interactions were not taken into account in this study. The
visible energy threshold was 0.5 MeV, corresponding to about 15 p.e. The high light output of the Shashlyk
modules enabled a reduction of the detection threshold, which is especially important for the photonuclear
inefficiency. A fast Monte-Carlo study (see Sec.13.1) of kaon decays shows that the photon veto inefficiency
is insensitive to the BV module radiation length from 17.2 X0 and deeper. So the radiation length of 18 X0

was selected for the BV Shashlyk modules. The final BV module sampling structure is 240 layers of 0.4-
mm lead and 1.5-mm scintillator. The spacing between the WLS fibers is about 9 mm as in the Calorimeter
Shashlyk modules so that the total number of fibers thorough the module is about 460. Such spacing provides
a high light yield as well as good light collection uniformity across the module.
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threshold is 0.5 MeV. The solid line is the inefficiency expected for the KOPIO detec-
tors in Sec.6f.
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The effects of an increase in the gap between the modules in the BV configuration were also considered.
The inefficiencies shown in Fig.6c.7show a weak dependence on the gap size, largely because the distribu-
tion of photon emission is mainly in a forward direction. Analytical estimates show a quadratic dependence
of the projective losses on the gap width, which was confirmed by simulation results. The design target for
the gap tolerance between the Shashlyk modules was set at 0.25 mm.
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Fig. 6c.7. Integral photon detection inefficiency in the BV versus the size of the empty
gaps between the Shashlyk modules.

6c.2 Log Veto Detectors

6c.2.1 Log Sandwich Design Issues

The log Photon Veto detectors in KOPIO will consist of many layers of long 7-mm plastic scintillator
slabs interleaved with lead foil of 1-mm thickness. A schematic view of a sandwich element (module) is
shown in Fig.6c.8. A full log detector will be built with such modules. The WLS fiber readout technique
provides uniform light collection over the area of the scintillator. The flexibility of the fibers eliminates the
need for complicated systems of lightguides, which could pose serious problems for the veto coverage. A
PMT views a bundle of about 200-300 WLS fibers at each end.

A lead thickness of 0.5–1.5 mm has been utilized in various experiments[3,4,5]. Test measurements at
KAMI indicated that 0.5-mm-thick lead absorbers show no improvement over 1-mm-thick lead for detection
efficiency, the most crucial parameter, although this experimental result conflicts the simulation results. We
currently plan to use absorbers made of 1-mm lead foil so as to reach a high visible fraction of light with
reasonable segmentation.
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Fig. 6c.8. Schematic view of a veto sandwich module.

An approximate formula for the resolution of a typical Pb/Sci sampling calorimeter was published in
Ref.[6]:

σ[%] =
14.5√

Eγ [GeV ]

√
t

X0
·
√

1 + 0.57/n , (6)

wheret is the thickness of the lead plates, X0 is the radiation length of lead, andn is the number of pho-
toelectrons per minimum ionizing particle in a single scintillator sample (layer). Therefore, forn > 5, the
photostatistics does not degrade the energy resolution, which is instead dominated by sampling fluctuations.
However, it should be kept in mind that the detection efficiency could be very sensitive ton. It is interesting
to note thatσ does not depend on the scintillator thickness, a result of empirical approximations to data
obtained from operating sampling calorimeters. Actually, thicker scintillators increase the visible fraction,
which improves the energy resolution (see Fig.6f.1). The formula is useful for roughly evaluating the real
energy resolution of a sampling detector.

In applying 1 mm of lead foil, we expect (from the formula) to obtain a resolution no worse than
σ=6.1%/

√
E, although the pure sampling fluctuations simulated by GEANT contribute onlyσ = 3.6% for

a structure of 1 mm of lead and 7 mm of scintillator. Log detectors in KOPIO will be used only for vetoing,
so a calorimeter performance is not required of them. The energy resolution is taken as a parameter that
affects the detection efficiency. In addition, good resolution can be used in the event reconstruction to avoid
spurious vetoing.

While the light yield of a single active layer (a scintillator slab) does not in practice affect the energy
resolution beyond some minimum photostatistics, the light output is very critical for detection of low-energy
photons with the required efficiency. To increase the visible fraction of shower energy, the first layers of the
veto detector can be made with thin lead foil of 0.5 mm.

Another important consideration for achieving a high light output is a requirement that the time res-

olution be better than (80 ps)/
√
Eγ [GeV ]. Precise timing allow suppression of accidental hits and avoids

extra vetos. Readout at both ends is required to obtain excellent time resolution. The WLS fiber readout
gives better timing compared to a readout with lightguides for the same number of detected photoelectrons
because there is much smaller photon path-length dispersion along a fiber than in a bulk scintillator.

The sampling segmentation of a sandwich,i.e. the thicknesses of the lead and scintillator, determines the
main detector parameters such as sampling fluctuations, localization of an electromagnetic shower, energy
resolution, timing, and inefficiency. The combination of the geometrical size and the number of layers in
a single module also provides a segmentation. There are two main methods for increasing the light output
per active layer: enhanced fiber readout and larger scintillator thickness. The latter one has cost advantages.
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Moreover, the thicker active layer increases the visible part of deposited energy, thereby improving the
energy resolution and efficiency.

Taking into account both the cost and the physics objectives, the proposed module structure is 16 layers
of 7-mm-thick chemically etched scintillator and the same number of 1-mm-thick lead. The width of the
layers depends on the location of modules, and the length is variable from 1 to 3.6 m.

6c.3 Tests of Log Sandwich Modules

6c.3.1 Design of the Tested Modules

The extrusion technique of long grooved scintillators was developed at the Technoplast Factory, Vladimir,
Russia. The results of tests of single extruded counters and a sandwich module prototype are reported
in Ref.[7]. The main results are summarized in Table6c.1. Although the attenuation length of extruded

Table 6c.1. Parameters of extruded polystyrene counters with 4.3-m-long WLS fiber
readout. Fibers were fast Bicron BCF92 or BCF99-29 types. The counter made of
BC404 scintillator is also shown for comparison.

Counter thickness Spacing Fiber type Light yieldσt
mm mm p.e./MIP ns
7 19 multi-clad 11.2
7 10 multi-clad 19.6 0.85
7 10 single-clad 14.4 0.87
7 7 multi-clad 26.2 0.71
7 7 single-clad 20.8 0.76
3 10 multi-clad 8.5 0.92

7 (BC404) 7 multi-clad 32 0.65

polystyrene scintillator for light is about 30 cm, the one with a WLS fiber readout produces 80% of the light
yield of BC404 scintillator. Single-clad and multi-clad Bicron fibers provide nearly the same time resolution.
Instead of using a wrapping material for a reflector, a novel technique was used: the scintillator was etched
by a chemical agent that produces a micropore deposit over the plastic surface, following which a diffuse
film is fixed in a settling tank. The thickness of the deposit (30-100µm) depends on the etching time. An
advantage of this approach over the commonly used white diffuse papers is an almost ideal contact of the
reflector with the scintillator. Moreover, it provides the option of gluing a lead sheet to the reflector-covered
plastic, which facilitates the assembly of a sandwich unit. A small sandwich assembly of five lead-plastic
layers glued together with a high-viscosity polyurethane glue was tested. It was found that, after gluing,
there was a reduction in the light output by about 6%, but then no subsequent degradation in the light yield
was observed for two months.

Two straight modules have been manufactured at the Uniplast factory (Vladimir, Russia). Extruded
scintillator slabs 7-mm thick and 1-mm lead plates were fixed together in a monolithic block by an elastic
polyurethane glue. The glue does not soak into the micropore chemical reflector. The number of Pb/Sci
layers in a single module is 15. The module width is 150 mm. Single-clad Bicron BCF-92 fibers of 1-mm
diameter were attached with Bicron BC-600 optical glue into 1.5-mm-deep grooves which run along the
slab with 7-mm spacing. The sandwich module is 4 m long. The WLS fibers which extend beyond the body
of the module are 4.5 m long. FEU-115M phototubes with a green-sensitive photocathode view a bundle
of 315 WLS fibers at each end through silicone cookies. The modules are wrapped in black light-isolation
paper.
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To manufacture the modules, single-clad fast Bicron fibers were collected from different sources. Dif-
ferent color tones of green were visually observed among the fibers. Test measurements also showed that
the quality of the fibers was not uniform. However, these were the only fibers available.

Light output

Two trigger counters selected cosmic minimum ionizing particles (MIPs) that passed through the sandwich
modules that were placed one above another. The upper trigger counter was 15-mm wide and 80-mm long to
localize the hit position. The four PMT signals from the modules were sent to analogue fan-outs where they
were distributed to charge-sensitive ADCs and leading edge discriminators. Before measuring the module
response, the single-photoelectron peak of each phototube was calibrated and these values were used to
calculate the light yields. Previous experience with FEU-115M PMTs showed that the single-photoelectron
peak can drift by∼ ±5%. The accuracy of the light-yield measurements is determined mainly by this
systematic error.

The light yield was scanned along the modules in steps of 30 cm. Results are shown in Fig.6c.9. The
first module yielded about 195 p.e./MIP at the center, corresponding to 9 p.e./MeV, and over 300 p.e./MIP
near the ends. The second module yielded 160 p.e./MIP at the center. The smaller light yield is explained
by the varying quality of available WLS fibers that resulted in a shorter attenuation length for the second
module. The light-yield attenuation curves were fitted with a sum of two exponents. At distances greater
than 1 m, the attenuation length of fast Bicron fibers was found to be 333 cm in the first module, and 280 cm
in the second module.

The stability of the light output of the first module is shown in Fig.6c.10. The reference point is the
module center. During the first five months of testing, the trigger counters were moved along the module.
Subsequently, the test bench was fixed to periodically read out the data. As can be seen in Fig.6c.10, the
light yield is stable over two years within a 5% systematic error.

The second module was subjected to a sagging test. During the test, both ends rested on supports and
the sag was measured as a deviation of the module center from the straight horizontal level. Results are
shown in Fig.6c.11. The initial deviation was 2 cm. After two weeks, flexing of the module under its own
weight led to fast uncontrolled bowing. However, the effect of the sag on the light yield is rather weak.

A single module was manufactured with multi-clad Kuraray Y11 WLS fibers of 1-mm diameter, which
have a longer decay time. The light yield of this module was 500 p.e./MIP from both ends, or about
24 p.e./MeV. It is a factor of 2.5 larger than the light output for the straight sandwich modules, due to
the new fibers. The long attenuation length was measured to be 4.3 m. Although Y11 fibers have a longer
decay time than Bicron ones, the measured time resolution ofσt = 320 ps is close to the result (300 ps) for
the straight modules. After eight months, the measured light yield at the center showed no change.

Timing

A time–amplitude correction was applied to all signals from the sandwich modules. To suppress the timing
spread caused by the trigger counters, the combination (TDCleft - TDCright)/2 was used. The timing spectra
obtained in this way at the module centers are shown in Fig.6c.12. The time resolution is 300 ps for the
first module, and slightly worse for the second module. Cosmic MIPs deposit 21 MeV in the scintillator of
a single module. The combination (TDC1left + TDC2left - TDC1right - TDC2right)/4 produces a resolution
of 235 ps.

The dependence of the resolution on the light output is shown in Fig.6c.13. Only central values are
shown because the error is determined by unspecified systematic factors. Fitting the points with the root-
mean-square (rms) law yieldsσt[ps] = 4330/

√
E [p.e.] + 2.7, whereE is the light yield in photoelectrons.

Taking into account that the visible fraction for a module is 0.4, the time resolution for photons can be

expressed asσt[ps] = 72ps/
√
Eγ [GeV] + 2.7. Figure6c.14shows the time resolution for the first module

over two years.
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Fig. 6c.12. Time resolutions obtained at the centers of sandwich modules. The com-
bination (TDCleft - TDCright)/2 was used to make the timing spectra for the modules.
The half-sum of these spectra produced a time resolution of 235 ps. The TDC scale is
50 ps/ch.

6c.3.2 Evaluation of Log Veto Performance

The expected performance of the sandwich detectors is summarized in Table6c.2. The visible energy
fraction for 1-mm lead and 7-mm scintillator is about 0.39. From test results with Kuraray WLS fibers, the
photoyield was evaluated to be 10 p.e. per MeV of the energy deposited in both active (scintillator) and
passive (lead) layers. This result means that up to 1000 p.e. for a typical 100-MeV photon can be collected.

The inefficiency was estimated with simulation tools and compared with the experimental results of
similar sampling detectors. The result is below the KOPIO photon veto curve (see Fig.6f.6) in the photon
energy range for the US detector.

Extrapolating the parameters obtained for the prototype module, the time resolution of the Photon Veto
detectors is estimated to be close to 200 ps (rms) for a 100-MeV photon. Direct extrapolation to higher

energies gives 72 ps/
√
Eγ [GeV]. At 1 GeV, the time resolution includes not only a stochastic term, but

also a systematic constant term that is difficult to estimate. However, in our energy range, the systematic
constant term can be neglected. The KLOE calorimeter that was assembled by gluing 1-mm scintillation

91



200 300 400100

200

400

300

500

Ti
m

e 
 re

so
lu

tio
n,

  p
s

Light  yield,  p.e.

TDC2  & TDC3

TDC4  & TDC1

(TDC3 − TDC4)/2

(TDC1 − TDC2)/2

(TDC1−TDC2+TDC3−TDC4)/4

(2TDC2−TDC1−TDC4)/4

Fig. 6c.13. Time resolution (rms) vs. light output. TDC1 and TDC2 are the ends of the
first module, TDC3 and TDC4 are the ends of the second module.

200

220

240

260

280

300

320

340

360

380

400

S
ep O
ct

N
ov

D
ec Ja
n

Fe
b

M
ar

A
pr

M
ay

Ju
n

Ju
l

A
ug S
ep O
ct

N
ov

D
ec Ja
n

Fe
b

M
ar

A
pr

M
ay

Ju
n

Ju
l

A
ug S
ep

Ti
m

e 
 re

so
lu

tio
n,

 p
s

2003 20042002

Fig. 6c.14. Time resolution (rms) measured at the center of the first module over several
years. The points fluctuate around 300 ps within the time-fitting error.

92



Table 6c.2. The expected veto performance.

Parameter Value Note

Integral inefficiency < ×10−4 Based on tests and E949 results

σE /
√
E, % 3.6 Sampling fluctuations from GEANT

σt/
√
E, ps 72 Stochastic term from prototype test

Position resolution, cm 3.5-4.3 Veto segmentation and timing

fibers of 4.3-m length between 0.5-mm lead foils reached a time resolution of 72 ps/
√
Eγ at the light output

of 1660 p.e./GeV in a beam test[4]. Tests with cosmic rays of the KLOE modules produced even better
resolution of 58 ps/

√
Eγ , which confirms our timing expectations for the KOPIO Veto Detectors.

Because the light propagation velocity in the fibers was measured to be 17 cm/ns, the accuracy of a
localization of an electromagnetic shower could be about 3.4 cm (rms) for a 100-MeV photon. However, a
spread of the electromagnetic shower degrades the spacial resolution along the fibers. The resolution in the
other direction is defined by the width of the modules. For a 150-mm width,σx=4.3 cm.

6c.3.3 Conceptional Design for the Photon Veto Log Detectors

The KOPIO setup has three Photon Veto log detectors. The largest one, the Upstream Veto wall (US),
is located at the entrance of the neutral beam to the decay region. A group of 132 logs of different length
are stacked in a wall as shown in Fig.6c.15. This configuration was chosen so that the phototubes could
be moved out of the residual magnetic field from the sweeping magnet that is located just before the US.
The field around the beam entrance in the US varies from 800 to 1500 G, and drops to about 300 G in the
place where the phototubes are located in the beam plane. The stray field for the phototubes located out of
the beam plane is 30-50 G. The thickness of the wall is 6 modules or 96 sampling layers with 19 X0 total
radiation length. The height of the wall is 22 sandwich modules. The central modules are cut to form a hole
for the beam, where a vacuum pipe will be inserted. US detector is separated in the middle. The upper part
can be moved out with a crane, while the bottom part is firmly fixed.

The Downstream Vetos (DS) are required to eliminate background events where extra decay charged
particles or gammas are emitted nearly in the beam directionZ. The Downstream Veto detector is located
inside the vacuum pipe before the Catcher. This veto system detects photons as well as charged particles that
are traveling along the beam at small angles. The basic design is similar to that of the US, but with different
geometrical sizes. Simulated volumes for the Downstream Veto are shown in Fig.6c.16. The DS detector is
separated into six parts on each side, and in three parts above and below the beam. These parts can be built
from 140 log modules readout from both ends for good timing.

Just downstream of the Calorimeter is the D4 sweeping magnet (see Fig.6c.17) that provides a magnetic
field directed in theX direction and so bends charged particles that are traveling in theZ direction vertically
into theY direction. A Magnet Photon Veto system consisting of alternating scintillator and lead sheets in
a “poor” vacuum inside the sweeping magnet will detect these charged particles along with direct gamma
rays that make small angles with the beam and which would not be seen by the Beam Catcher veto system.
Sometimes charged particles convert to neutral pions or gamma rays before leaving energy in the scintillator.
A backup system of Pb/Sci sheets will detect these photons.

The Magnet Photon Veto system consists of twenty modules above and below the beam, and twenty
modules on each side of the beam. The modules are read out on each end through WLS fibers, much like
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Fig. 6c.15. A view of the Upstream Veto wall made of 132 modules. Central modules
are cut the for beam entrance.

the modules in the US detector. The first element is scintillator, to veto charged particles. This layer is in
turn followed by alternating layers of lead and scintillator. In order to transport the light to phototubes in a
field-free region, the WLS fibers are coupled to clear fibers at the scintillator layer ends. To get the fibers to
the field-free region, a small gap between the side and the upper and lower modules is necessary. There is
limited space in the magnet vacuum pipe, and so to get both spacial coverage and sufficient radiation lengths,
there will be 20 layers of 2.5-mm lead sheets per module and 21 layers of scintillator. The scintillator layers
above and below the beam will be 10-mm thick, while those on the side of the beam will be 5-mm thick. In
the beam direction, the width of the layers is 155 mm. The modules above and below the beam are 2580-mm
long, while those on the side are 620-mm long. Each scintillator layer has 19 grooves spaced about 7 mm
apart for placement of Kuraray multiclad Y11 fibers of 1 mm diameter. The backup for charged-particle
conversion is about 9.5 X0, but is much larger for direct photons that make a small angle with the beam.

6c.4 Readout and Electronics

The readout of the Photon Veto modules can be implemented with the photomultipliers 9903B (Elec-
tron Tubes Ltd.), which is under consideration for use in the KOPIO electromagnetic calorimeter. A large
photocathode of 32 mm is well suited to readout a fiber bundle of about 500 fiber ends as in a BV Shash-
lyk module. Spectral sensitivity of a photocathode is extended in the green region to match the WLS fiber
emission. One advantage of the 9903B is a power base developed to incorporate the high voltage inside
the phototube unit. Several tubes were tested in a prototype Shashlyk array and show good performance in
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Fig. 6c.16. Location and segmentation of the Downstream Veto. Simulated volumes
are shown.

energy resolution. Parameters for the 9903B Photomultiplier are given in Table6c.3.

Table 6c.3. Specification for Electron Tubes 9903B photomultipliers.

Photocathode active diameter 32 mm
Number of stages 10
Quantum efficiency at 500 nm 15-18%
Gain at 1000 V 2× 105

Rise time 3 ns
Nonlinearity up to 150 mA peak current<5%
Dark rate 300 Hz

Using the Barrel Veto as a calorimeter puts special requirements on the gain stability of a photomulti-
plier. One main source of gain fluctuations is the signal current through the dynode system. We plan to work
with a low current and low gain, and employ a fast preamplifier at the output stage. Low current mode will
enhance the life time. The reliability factor is crucial in the KOPIO experiment where even a single failed
phototube will stop the data acquisition of the whole setup.

The front-end electronics is unified with that of the Calorimeter, and will have the same 10-bit, 250-
MHz wave-form digitizers developed at Yale University. To check the required sampling rate, the real signal
waveforms were collected in a cosmic test with a 5 GHz digital oscilloscope. Cosmic rays deposit about
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Fig. 6c.17. D4 magnet region, where the Magnet Photon Veto is located.

18 MeV in a prototype Shashlyk module readout with a 9903B tube. Fig.6c.18shows a typical signal. Then
we reconstructed the signals with different sampling rates as low as 100 MHz and compared them with a
reference signal recorded at 5 GHz rate. Theχ2 method was employed to study how well the reconstructed
signal waveform fit the reference one. Results are presented in Fig.6c.19for two waveform reconstruc-
tion algorithms. In the linear fit, the sampling points are connected with straight lines. In the spline fit, the
sampling points are connected with a smoothing method. As can be seen from the plot, the 250-MHz sam-
pling rate provides a good reconstruction of the original waveform for both algorithms. For smaller rates the
waveform distortion increases sharply.
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6d Charged Particle Veto

6d.1 Purpose

The purpose of the Charged Particle Veto (CPV) is to provide an efficient identification of background
processes in which an apparentπ0 → 2γ decay inside the decay volume is accompanied by charged particle
emission. Examples of such background processes are

◦ K0
L → π+π−π0 ,

◦ K0
L → π0π±e∓ν ,

◦ K0
L → π±e∓νγ

in which thee∓ creates a second photon through Bremsstrahlung ore+ annihilation in flight, and

◦ K0
L → e+π−ν ,

again followed bye+ → γ whereas theπ− creates a photon throughπ−p→ π0n.

In all cases, two particles with opposite electrical charge emerge. In all cases, the events may also produce
signals in other detector elements, such as the Photon Veto (PV) system. For this reason, we discuss the
performance of the combined CPV/PV systems below. Charged-particle detection efficiencies of 99.99% or
better are required to keep these backgrounds below a few events in the final sample. TheK0

L → π+π−π0

decay would, however, still dominate the signal for low values of the center-of-mass energyE∗
π0 where

about 10% of the signal events are expected.

6d.2 Requirements

The design of the CPV is based on the following requirements which result from extensive simulations
of the various background processes mentioned above and our own tests of the momentum dependence of
the detector response to various charged particles (π±, µ±, e±):

◦ intrinsic charged particle detection efficiency> 99.99%
Fundamental limitations to the detection efficiency of charged particles arise from processes in which
a charged particle moves towards an active detector element but deposits no or insufficient visible
energy. Examples are(π−, xn) reactions, backscattering, or positron annihilation in flight. Our tests
show that the efficiency requirement is met if the dead layer in front of the CPV is kept below≈
20 mg/cm2 and the detection threshold is kept below≈ 50 keV. The first requirement can only be met
when the detectors are situated inside the decay tank and/or beam pipe.

◦ solid angle 4π sr
With the possible exception of the upstream beam hole, the detector has to extend to the full 4π sr.
This requirement in particular that particles moving downstream within the beam envelope have to be
observed as well.

◦ 50-cm distance to the decay volume
In order to separateπ0 decays from (n,π0) reactions in the CPV from the events of interest on the
basis of the different2γ vertex distributions, the detector elements have to be kept more than 50 cm
from the fiducial decay volume (see Sec.13.8.6).

◦ time window<10 ns.
The spread in the time difference between the decay time as reconstructed from theπ0 → 2γ decay
kinematics and the signals observed in the CPV should be within≈10 ns to avoid accidental vetoing
by CPV signals from neighboring beam bunches. This requirement sets limits to the intrinsic time
resolution and the granularity of the CPV. Still, very slow particles may be missed. As is discussed in
Sec.13.6.2, K0

L → π+π−π0 decays with very slow charged particles can be removed by kinematic
constraints.
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◦ veto blindness
Depending on the algorithm used to analyze the digitized wave forms, veto signals may get lost when
preceded by another signal in the same detector element. These losses are minimized by using fast
detectors which are as thin as possible and by distributing the load over many channels. Minimizing
the detector thickness reduces (i) the sensitivity to neutrons and low-energy photons, (ii) the dynamic
range of the signals, which is beneficial for the double-pulse resolution, and (iii) the area required for
the light sensors.

◦ reliability
Since access will be limited to less than a few times per year, the loss of a few readout channels must
not result in substantial data loss. This requirement can be met by redundancy in the readout of each
individual detector element.

6d.3 Description of the System to be Built

The Charged Particle Veto consists of three plastic scintillator systems:

◦ the Barrel CPV (Fig.6d.1)
This subsystem consists of 2-mm-thick tiles of Bicron BC408 plastic scintillator covering the walls
of the decay tank with the exception of the regions where the beam crosses. It consists of a central
module situated inside the central part of the decay tank and two end-cap modules situated inside
the tank domes. VM2000 wrapping foil on the inside of each module serves as a barrier between the
high-quality beam vacuum and a moderate detector vacuum.

The central module consists of 16 identical arrays oriented parallel to the beam. Each array consists
of 5 detector elements with 20-mm overlap, for a total of 80 identical elements. The arrays are viewed
from one side by eleven photomultipliers, three per detector element but shared where they overlap.
The two end-cap modules each consist of three concentric arrays of 16 detector elements, which
results in 96 detector elements of 12 different shapes. These elements are viewed on the outside by
using the same scheme of photomultipliers shared by overlapping neighbors. This arrangement results
in 16x11+6x32=368 readout channels.

◦ the Downstream CPV
This subsystem lines the beam pipe that crosses the Preradiator and Calorimeter. This region is about
2 m long, 2 m wide and 20 cm high. Whereas the top and bottom layers are composed of 20-cm× 30-
cm×2-mm scintillators, the side walls are covered with counters of dimensions 20 cm×20 cm×2
mm. The resulting 198 scintillator elements are read out directly by 242 photomultipliers.

◦ the D4 CPV
This subsystem is integrated into the Photon Veto system lining the beam pipe where it crosses the
D4 sweeping magnet. Scintillation light is collected with the help of embedded wave-length-shifting
fibers and transported to photomultipliers situated outside the regions with high magnetic field.

6d.4 Fundamental Limitations to the Detection Efficiency of Charged Particles

Charged particles may disappear before depositing sufficient energy in an active detector element. The
resulting inefficiency depends on the thickness of a possible dead layer in front of the sensitive medium as
well as the threshold on detected energy, and varies for the different particles and momenta.

Extensive tests were performed at the Paul Scherrer Institute (PSI) to measure the inefficiencies forπ±,
µ±, ande± at momenta between 185 and 360 MeV/c. The setup is shown in Fig.6d.2. Figure6d.3shows,
as an example, the distributions of detected energy in counter 4 for 290 MeV/c π− andπ+. The broad
distribution arises from pion-induced reactions in the scintillator. The prominent peaks near channel 200 are
associated with events in which the pions pass through the scintillator with some energy loss. Events in the
pedestal peaks are caused by interactions in the dead material between the scintillator and the preceding wire
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Fig. 6d.1. Longitudinal cross section of the barrel CPV. (The actual barrel will have
three rings in each end-cap.)
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chamber WC2. As can be seen, most of these events still produce a signal in the NaI(Tl) detector and would
thus be observed by the PV. The continuum distribution is completely different for the two charges. In the
case ofπ−, the region between the pedestal peak and the main peak shows a flat distribution containing about
1% of the events. These events are explained byπ− reactions into all-neutral final states. Forπ+, this region
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is almost empty because neutral final states are very unlikely. The observed pion detection inefficiencies
are plotted against beam momentum in Fig.6d.4. All four distributions (no/small signal,π+/π−) peak
around 220 MeV/c. About 2/3 of the dead-layer losses are caused by the wrapping of the scintillator, which
amounts to 55 mg/cm2. This effect means that the values plotted in Fig.6d.4correspond to a dead layer of
≈ 80 mg/cm2.
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In order to keep the inefficiencies below10−4 at all momenta, a dead layer of< 20 mg/cm2 and a
detection threshold below 50 keV should be achieved. As will be discussed below, it is our aim to stay
significantly below these requirements.

The GEANT simulations reproduce the observed inefficiencies within a factor of two. We studied the
nature of some of the simulated events in which no energy was deposited in the scintillator or where this
energy was below 75 keV. In the case ofπ−, losses were mainly caused by (π−, xn) absorption. In the case
of π+, 60% of the inefficiency was caused by pion back scattering in the wrapping. Short-range protons
and/or alpha particles were usually emitted. In about 40% of the cases, aπ0 was produced. Those events
would not escape detection in the 4π sr PV.

6d.5 Detector R&D

Key features for the CPV are a minimal dead layer and low detection threshold. Additional concerns
are the complications associated with operation in vacuum,i.e. out-gassing, electric sparking, vacuum
feedthroughs, heat dissipation, and accessibility.

In the case of plastic scintillators, the detection threshold depends critically on the efficiency of light
collection. For this reason, extensive studies were made of the light yield obtainable for various geometries
and wrapping materials. Full-scale (400 mm× 500 mm) prototypes of the two light-collection schemes
of interest were studied (see Fig.6d.5). In addition, prototypes for the Downstream Charged Particle Veto
system and for the scintillator planes of the Preradiator detector were tested. All measurements were done
with 500-MeV/c π−. Two X-Y multi-wire proportional chambers (MWPC) were used to determine the
impact position on the scintillator.
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Table 6d.1. Photoelectron (p.e.) yields of various light collection schemes.
Scintillator: BC-412 by BICRON; photomultipliers: Burle 83062E (Ø22 mm).

Size Thickness Version Wrapping Nr. of p.e. p.e.
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...
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...

...
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...
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...
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...
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3.0
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...
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...
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...
...

...
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a BCF-92MC d DuPont trademark f mounted at opposite sides
b Y-11(200)MS e radiant mirror film produced by 3M g mounted at one side
c read from both ends
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The results are shown in Table6d.1. Light collection with Wavelength Shifting (WLS) fibers spaced by
5 mm was compared with a geometry in which photomultipliers were mounted directly onto the scintillator
for detectors of two different sizes. As can be seen from the table, the light yield observed with direct
coupling was significantly larger than for fiber readout. The best results were achieved with VM2000 radiant
mirror film as a wrapping material. Not shown in the table are the light yields obtained with black paper and
aluminized mylar (up to 50% less) and with teflon (similar to Tyvek but more thickness required).

6d.6 Detector Concepts

From the results presented in Table6d.1we conclude that a yield of≈250 photoelectrons per MeV can
be obtained for a 2-mm-thick detector, which is sufficient to reach a detection threshold as low as 20 keV.
The use of VM2000 results in a dead layer of 8 g/cm2. Alternatively, we are studying the option of a MgF2

coating which would reduce the dead layer to≈1 g/cm2 at the cost of a factor-of-two loss in light collection
efficiency. This option is of interest for the Downstream CPV where the effective thickness of the dead layer
is boosted significantly because the particles move parallel to the detector surface.

APD’s would give 2-3 times more quantum efficiency than photomultipliers but the required electronic
amplification would introduce significant noise and a slower signal shape. The newly-developed Geiger-
mode photodiodes then become an interesting alternative to photomultipliers. These devices are currently
available with an area of3 × 3 mm2 and an effective efficiency (geometric times quantum efficiency) near
20%. Significant improvements can be expected in the near future. Some advantages include much smaller
dimensions, lower price (so one can afford more of them), ease of operation, and immunity to magnetic
fields. Compared to standard APD’s, they do not require large electronic amplification, which makes them
both faster and less noisy.

Figure6d.6shows as an example the pion inefficiencies of the combined CPV+PV system for a thresh-
old of 50 keV on the detected energy and a dead layer of 1 mg/cm2.
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6d.6.1 Barrel CPV

The Barrel CPV surrounds the decay region with the exception of the areas where the beam crosses.
Simulations show that very few charged particles leave through the upstream hole, which may remain un-
covered.

The design of the Barrel CPV (see Fig.6d.1) closely matches the geometry of the decay tank. The
detector consists of three modules corresponding to the central element of the tank and the two dome-shaped
end-caps. Modules consist of arrays of detector elements (submodules) fixed on the outside to carbon-
fiber support structures. Each module has a common wrapping foil (VM2000) on the inside separating the
moderate detector vacuum from the high beam vacuum.
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Fig. 6d.7. A design of the central charged-particle veto system.
Left: sector of a cross section perpendicular to the beam. Along the beam there would
be≈ 10 modules with overlap to avoid dead space. Right: end-cap detector. (The
actual detector will have three rings.)

The central module of the Barrel CPV consists of 16 identical scintillator arrays arranged symmetrically
about the beam axis (see Fig6d.7). Each array consists of five identical submodules arranged along the beam.
Neighboring submodules overlap by≈20 mm. Each submodule consists of a slab of400 × 500 × 2 mm3

BC408 plastic scintillator viewed from one side by three photomultipliers in close resemblance to some of
the prototype detectors (see Fig.6d.5). Because neighbors share a photomultiplier at the region of overlap,
this arrangement results in 11 readout channels per module, or a total 176 channels for the central module.
The use of submodules with three readout channels has the advantage that the loss of a few channels has
little impact on the CPV efficiency.

The two end-caps of the Barrel CPV each consist of three scintillator arrays arranged concentric about
the beam axis. Each array consists of 16 submodules. Mirror symmetry about theXY ,XZ andY Z planes
leads to 12 different shapes for the 96 submodules. As for the central part, neighboring submodules over-
lap by≈20 mm and the sharing of photomultipliers between neighbors results in 32 readout channels per
module, or a total 192 for the end-caps of the Barrel CPV.

Figure6d.8shows distributions of light yields observed with the 6.4-mm prototype wrapped in VM2000.
Apart from the regions just in front of the photomultipliers, the homogeneity of light collection is of the
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order of a few percent. Based on these results and those obtained with four readout channels for both 3-mm
and 6.4-mm scintillator thickness, signals of at least 100 photoelectrons are expected for minimum ionizing
particles crossing a 2-mm scintillator.

Figure6d.9shows the timing performance of the prototype detector. Without knowledge of the impact
position, a timing uncertainty of±2.5 ns is observed, resulting from an effective velocity of light propagation
of 12.5 cm/ns.

6d.6.2 Downstream CPV

The final portion of the CPV is located downstream of the Barrel CPV. It consists of plastic scintillators
lining the beam pipe where it crosses the Preradiator and the Calorimeter. The region suffers from high rates
and limited access, which render the design of counters a significant challenge. Fortunately, the region is
already part of the detector vacuum, so outgassing of detector components is not a concern.

CPV    

Fig. 6d.10. Vertical cross section through the Downstream CPV.

A schematic cross section is shown in Fig.6d.10. The Downstream CPV covers an area of about 2-m
long by 2-m wide by 20-cm high. The top and bottom layers are composed of 20-cm× 30-cm× 2-mm
scintillators read out directly by PMTs in the vacuum. The side walls are covered with counters made of
20cm×20-cm×2-mm scintillators also read out directly by PMTs in the vacuum. The counters are tilted
slightly so that successive counters shield the photomultipliers of the next downstream counter, which thus
do not present dead material to the charged particles emanating from the fiducial region. The tilt (∼1:10)
also reduces the path lengths of these charged particles through the external wrapping or coating on the
inner surfaces of the counters. This layer serves to complete the optical isolation of the counters (their other
surfaces can be wrapped with Vikuity film –VM2000, or perhaps aluminized Mylar). The counters covering
the top and bottom of the beam pipe are overlapped transversely by approximately 1 cm in an alternating
pattern. Altogether, there would be 198 modules and 242 photomultipliers. Each scintillator is read out by
two PMTs, but the readout of adjacent scintillators mounted on the top and bottom overlap on the PMT face,
so that these PMTs read out two scintillators. This arrangement prevents the loss of efficiency from cracks
and allows some redundancy in the readout, while keeping the channel count as low as possible. The small
counter size facilitates efficient readout and good timing properties.
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The PMT proposed for the Downstream CPV is the Hamamatsu R7401P which has excellent response
and gain. Its very small footprint is very attractive in this area of the detector, where the vertical space is
quite limited. This PMT selection allows the active elements to be as close as possible to the walls of the
vacuum tank.

Additional subsystems have also been considered, but are omitted from this CDR because we do not
currently believe that they are needed to achieve the charged-particle rejection goals. These subsystems
include a low-pressure MWPC in the beam located between the Barrel CPV and the Downstream CPV,
and a second layer of counters surrounding the downstream modules. These devices can be retrofitted later,
should experience show that additional rejection is desirable.

6d.6.3 Front-end Electronics

Readout electronics, distribution of high-voltage to the photomultipliers, and LED monitoring and cal-
ibration will closely follow the general concepts described in Sec.8. Photomultiplier gains will be limited
to typically 105 to minimize power (heat) dissipation and count-rate instabilities. A 100-MHz preampli-
fier/driver in the base will match the signals to the 10-m transmission lines connecting the 500-MHz wave-
form digitizers.
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6e Beam Catcher

6e.1 Overview

The main purpose of the Beam Catcher is to detect photons escaping through the beam hole. It is placed
in and near the neutral beam about 12 m downstream from the main detector, 26 m from the production
target. The beam size at the front face is 2.34 m (width) by 10.4 cm (height). The challenge in designing the
Catcher system is to reduce the sensitivity to unwanted particles, such as neutrons andKLs, while keeping
high enough sensitivity to photons. Because the flux of the unwanted particles is very high, there would be
a high probability of vetoing genuine signals if the Catcher were sensitive to these particles.

Considering these requirements, two types of detectors are employed; one is a lead/aerogel sandwich
counter, and the other is a lead/lucite(acrylic) sandwich counter. The former (called “aerogel catcher”) is
placed in the beam core region, while the latter (called “guard counter”) surrounds the Catcher. Both counters
utilize Čerenkov radiation to detect electrons and positrons produced by an electromagnetic shower, and have
low sensitivity to slow particles that are expected to be the main interaction products by hadrons. Of these
two types, the aerogel catcher has lower neutron sensitivity, and thus is placed inside the beam.

Figure 6e.1shows the energy spectrum of photons that the catcher and guard counter must detect,
namely those photons that originate from the dominantK0

L → π0νν̄ backgrounds,K0
L → π0π0 after our

standard kinematic cuts have been applied. The primary source of background photons entering the beam
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Fig. 6e.1. Energy distributions of photons in (left) and near (right) the neutral beam for
Kπ2even (red) andKπ2odd (blue) type events. Actually, the left (right) figure shows
the energy spectrum of photons that hit the aerogel (guard) counter, described in the
text. The vertical axis indicates the expected number of backgrounds after our standard
cuts.

direction are due to theKπ2 ”odd pairing” case in which one photon from eachπ0 has been detected and
happens to reconstruct as a singleπ0. These photons entering the beam direction generally have energy
greater than 300 MeV. TheKπ2 ”even pairing” case in which both photons from a singleπ0 enter the
beam direction are less prevalent. We demand that the Catcher system must have at least 99% efficiency for
photons with energy greater than 300 MeV in order to suppress theK0

L → π0π0 and other backgrounds,
and to keep a good signal-to-noise ratio. At the same time, we demand that its sensitivity should be less
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than 0.3% for neutrons with kinetic energies near 0.8 GeV, in order to reduce the false veto probability to an
acceptable level (see below for a detailed discussions of the veto probability).

Similarly, the guard counter is required to have an efficiency of more than 99.5% for> 300-MeV
photons. This counter covers the beam halo region, where the neutron yield will be two orders of magni-
tude lower than that in the beam core. Thus, the requirement for the neutron insensitivity is rather relaxed
compared with that of the aerogel catcher, but it still should be suppressed to the level of a few percent.

6e.2 Aerogel Catcher

6e.2.1 Conceptual Design

The catcher inside the beam consists of a number of identical modules. Each module utilizes a lead sheet
as a photon converter and an aerogel tile as ae+/e− detector. The principle is to usěCerenkov radiation
so to avoid detection of heavy and slow charged particles produced by neutron interactions. Because the
refractive index of aerogel we are planning to use is low (n = 1.05), theČerenkov threshold momentum
is high. Another important feature of the catcher is its distributed arrangement. Photons come from far
upstream, and thus their electromagnetic showers develop nearly along the beam direction. On the other
hand, neutrons come into the catcher and interact with the lead sheets, and the secondary particles from
the interactions tend to go isotropically. Therefore, neutron signals can be reduced further by requiring
coincident hits along the beam direction, without losing photon efficiency. As mentioned above, the catcher
consists of small modules arranged in an array that will provide information on a photon’s direction.

6e.2.2 Base Design of the Aerogel Catcher

The aerogel catcher consists of 420 modules of the design shown in Fig.6e.2. Each module is com-
posed of 2-mm-thick lead, 50-mm-thick aerogel radiator(n = 1.05), a light-collection system of a mirror
and funnel, and a 5-inch photomultiplier tube. The aerogel cross section is 30 cm in height and 30 cm in

Aerogel 
(5cm, n=1.05)

mirror

Cerenkov light

lead sheet
(2mm)

5inch PMT

Winston-type
funnel

Single Module

Fig. 6e.2. The design of the catcher module.

width.Figure6e.3schematically shows a top view of the catcher configuration. The modules are arrayed in
25 layers, which are spaced by 35 cm along the beam direction. There are 12 to 22 modules in each row,
varying with the divergence of the beam. The modules in a row are staggered laterally by a half module from
those in the following and preceding rows. There are 25 modules along the beam direction, making a total
of 8.9 radiation lengths over a distance of 8.75 m. As indicated in the figure, 278 of 420 modules are placed
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beam

Aerogel Catcher

Guard Counter

Fig. 6e.3. The design of the catcher configuration.

in the core beam region, and the rest (142 modules) cover the side region to catch photons with angles larger
than the beam divergence.

Choice of Radiator In choosing an aerogel radiator, the points to be considered are its refractive index,
transmittance, and ease for handling. The refractive index determines the yield ofČerenkov light, as well
as the threshold momentum for radiation. It also changes theČerenkov angle, and thus affects the light
collection efficiency. The transmittance, dominated by the Rayleigh scattering in the case of an aerogel,
is important because the emitted light passes through a few centimeters of aerogel tiles before reaching
the light collecting optics. An aerogel with higher refractive index is less fragile and easier to handle, but
tends to be less transparent. Recently, Matsushita Electric Works, Ltd., collaborating with the Belle group,
has successfully developed transparent silica aerogels with a refractive index of about 1.05[2]. We plan to
use this new type because it gives more light than other candidates with different indices, according to our
simulation which took into account its actual optical properties.

Design of the Optics The light collecting system consists of a mirror and a Winston-type funnel. The
mirror reflectsČerenkov light to the funnel input, and the funnel guides the light onto the photomultiplier’s
cathode. Each module is optically separated from adjacent ones by a very thin light-reflecting wall made with
an aluminized mylar sheet. We plan to make the mirrors with a 2-mm-thick acrylic sheet. Their surfaces will
be coated with Al and MgF2 by a vacuum evaporation method. The funnel will be made with a thin Al sheet
pressed into the correct shape against a mold. Its inner surface will also be coated with Al and MgF2.

Before settling on this design, four candidates for the optics were compared, as shown in Fig.6e.4: a
flat mirror with a Winston-type funnel (adopted); two flat mirrors and funnels with two photomultipliers; a
flat mirror with a box-type funnel; and a concave mirror with a Winston cone (original design). On the basis
of simulation results, which included ray-tracing and the effects of scattering and absorption in aerogel tiles,
the first option was chosen. It is easier to mass produce, and gives a uniform light collection efficiency. The
average light collection efficiency is 20% over the whole area of 30 cm by 30 cm, assuming the reflectivity
of a mirror and funnel to be 80%.
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Fig. 6e.4. Side views of optical design candidates that were studied.

Photoreadout Each module is equipped with a 5-inch photomultiplier to detectČerenkov light. We plan
to use Hamamatsu R1250 PMTs, whose photocathode is a bialkali and the window is a borosilicate glass.
The dynode structure is a linear-focus type and the timing property is expected to be good. Its quantum
efficiency was evaluated during the beam tests described above, being folded into the spectrum ofČerenkov
radiation, and is incorporated in the simulations. Operation voltage for the PMT will be supplied by the
LV-HV scheme, common to the KOPIO photodetectors.

To maintain good performance under a high counting-rate environment, a stabilized base,e.g.by tran-
sistors, will be developed. The gain of the photomultiplier will be monitored by a LED flasher system. A
waveform digitizing device will be used in the readout in order to identify a genuine signal with certainty
even when it is smeared by accidental hits. To achieve a certain double pulse resolution, described later in the
discussion of the efficiency loss by accidental activities, we use the 500 MHz waveform digitizer (WFD).∗

Detailed designs of the front-end electronics are described in Sec.8).

Summary of Baseline Parameters of the Aerogel Catcher The parameters of the aerogel catcher are
summarized in Table6e.1.

6e.2.3 Experimental Study of Prototypes

To examine the design principle, we have constructed two generations of prototypes so far. The first
one was used to evaluate theČerenkov light yields from aerogel tiles. The results of the study, though
not described here, were useful in the early design stage. The second prototype was built to test our design
principle with charged beams. The main goal was to study the response to protons, which acted as substitutes
for neutrons, and to check whether or not our simulation could reproduce the results. If so, we can then rely
on neutron sensitivity simulations. As shown in Fig.6e.5, the prototype module had a 5-cm-thick aerogel (a
stack of 1-cm-thick aerogel tiles), a concave mirror, and a 5-inch photomultiplier. Two types of aerogel tiles
with different refractive indexes,n = 1.05 andn = 1.03, were tested in the measurement.

The layout of the test experiment is shown in Fig.6e.6. First, the light yield from one module was
measured. The results are shown in Fig.6e.7, where the ordinate is the number of photoelectrons obtained
for charged pions and the abscissa is1/β2. The solid line is a fit to the data points and its slope gives the
aerogel refractive index. The measured index was found to agree well with the catalogue value of the tile

∗There is a possibility to use the 1 GHz sampling WFD, in order to achieve the required resolution.
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Table 6e.1. The base parameters of the aerogel catcher.

Items Parameters
size of module 30 cm (H) by 30 cm (V)
Pb converter 2-mm thick
aerogel refractive index=1.05

30 cm (H) by 30 cm (V), 10-mm-thick×5 tiles
main mirror flat, 45 degree inclined
light funnel Winston cone (din=30 cm,dout=12 cm)
photomultiplier 5 inch in diameter, Hamamatsu R1250
number of modules 420 (278 in the beam core, 142 in the side region)
number of layers 25
spacing between layers 35 cm
size in beam direction 875 cm (from z=2596 cm to z=3471 cm)
horizontal coverage 360 cm (12 modules) at the face

660 cm (22 modules) at the end

Fig. 6e.5. Sketch of the second
prototype.

Fig. 6e.6. The experimental setup of the beam test
for the second prototype.

used in this test(n = 1.03). The light yield was also reproduced well by simulations that took into account
measured optical parameters, such as transmittance of the aerogels and reflectivity of the mirror.

In the next stage, a proton beam was directed onto the upstream module (“M1”) to interact with the
lead sheet. The coincidence probability of “M1” and one of the downstream modules (“M2” to “M4”)
due to the produced secondaries was measured. A coincidence event was defined as as that which had≥1
photoelectrons (p.e.) both in “M1” and in “M2” to “M4”. As shown in Fig.6e.8, the data and simulations
agreed well each other. The single-module efficiency,i.e.the hit probability of “M1”, was also checked. The
results are shown in Fig.6e.9. The left (right) figure shows the efficiency with the threshold of 1-p.e. (2-p.e.).
Good agreement was found for the case of 2-p.e. threshold, but there was relatively a large discrepancy in the
case of 1 p.e. (see the open triangle in the left figure). Further investigation revealed that the discrepancy was
caused by scintillation in nitrogen gas (air). Taking into account its emission yields as measured in a separate
experiment[1], the results could then be reproduced well (see the open-square points). Nitrogen scintillation

113



Fig. 6e.7. The measured number of photoelectrons of the second prototype as a func-
tion of 1/β2.
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Fig. 6e.8. The measured efficiency for protons with the second prototype as a function
of momentum. The efficiency here is the coincidence of two layers, as described in the
text. The lines guide the eye.

might be annoying in the real experiment because protons knocked on by neutrons can make small signals
with high rates. If it actually becomes a problem, we can suppress the effect by adding a quenching gas
such as CO2[1]. The study of the second prototype thus confirmed the design principle and provided various
parameters needed to predict the catcher performance reliably.

6e.3 Guard Counter

The aerogel catcher detects photons traveling along the neutral beam. In addition, photons that travel
toward the beam halo region must also be detected. The calculated beam profile at the face of the catcher is
shown in Fig.6e.10.
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Fig. 6e.9. The measured efficiency for protons with the second prototype as a function
of momentum. In the left (right) figure, the threshold was set to be 1 p.e. (2 p.e.). The
lines guide the eye.
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Fig. 6e.10. The profile of the neutrons at the face of the Catcher. Left (right) figure
shows the horizontal (vertical) profile of the neutron beam. The vertical axis indicates
the estimated number of neutrons in a microbunch. Note that these are the plots for
wider (100 mrad in horizontal) aperture and thus the current horizontal beam profile
(90 mrad) would be 10% narrower than in the figure.

At the upstream face of the Catcher system, the neutron flux from 8 to 15 cm (0r -8 to -15 cm) in the
vertical direction is still high due to halos, although the rate is expected to be two orders of magnitude lower
than in the beam core. To cover this region, we plan to install a series of lead/acrylic sandwich counters
(“guard counters”) upstream of the Catcher. Conceptually, as with the aerogel catcher, it utilizesČerenkov
radiation in acrylic slabs. In addition, the total-reflection limit in the transport ofČerenkov light helps to
reduce the sensitivity to low-energy secondary particles from neutron interactions, as drawn in Fig.6e.11.
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Fig. 6e.11. The schematic view of the concept of the guard counter. The left figure
shows the mechanism to detect photons, while the right one indicates how the sensi-
tivity to neutron-induced slow particles can be reduced.

First aerogel catcher modules

35 cm

8 cm

Fig. 6e.12. The schematic drawing of the guard counter. The upper (lower) figure
shows the front (side) view of the counter. Each layer consists of 48 modules as in
the left figure, and three modules are placed in sequence.

Figure6e.12shows a schematic view of the guard counter. The guard counter is composed of 144 mod-
ules, each of which consists of 8 layers of a 2-mm-thick lead sheet and a 10-mm-thick acrylic slab, whose
cross section is 15 cm by 15 cm.Čerenkov light from the acrylic slabs are read by a 5-inch photomultiplier,
the same one used in the catcher. Three modules are placed in sequence along the beam direction, which
results in a total radiation length of 9.3X0. This design was originally proposed in 1997 for the catcher and
had been tested with the photon beam at KEK/INS in 1998. From the results, an efficiency of≥99.5% can
be obtained for≥300-MeV photons.
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Summary of Baseline Parameters of the Guard Counter The parameters of the guard counter are sum-
marized in Table6e.2.

Table 6e.2. The base parameters of the guard counter.

Items Parameters
size of module 15 cm (H) by 15 cm (V)
Pb converter 2-mm thick, 8 layers per module
acrylic slab 10-mm-thick, 8 layers per module
photomultiplier 5 inch in diameter, Hamamatsu R1250
number of modules 144 in total; 24 (H)× 2 (U/D)× 3 (Z)
aperture for the beam 330 cm (H) by 16 cm (V)
location in beam direction end at z=2561 cm

6e.4 Expected Performance

Monte Carlo simulations were performed to study the performance of the Catcher. The GEANT3 code
was used, with the GCALOR package for hadronic showers. All of theČerenkov photons emitted by charged
particles were traced by using our own subroutines. The simulations included the effects of the measured
optical properties of aerogel tiles such as transmittance and Rayleigh scattering length, expected reflectivity
of the mirror and Winston cone for the aerogel catcher, and total reflection in the acrylic slabs for the guard
counters. In both cases, the quantum efficiency of the photomultiplier is taken as given in the Hamamatsu
catalogue, with some correction factors obtained from our beam tests.

6e.4.1 Efficiency for Photons

The photon detection efficiency as a function of its incident energy was calculated first. The incident
angle of the photons in this calculation was fixed to be normal to the counter. The following photon iden-
tification procedure in this simulation was adopted. As for the aerogel catcher, the first module must yield
≥4 photoelectrons and the sum of the signals from two modules right behind it must have≥2 photoelec-
trons. For the guard counter, the output of all modules was summed and required to be greater than 80
photoelectrons, which is equivalent to an incident energy of 50 MeV. Figures6e.13show the resultant pho-
ton detection efficiencies. In the calculation of the aerogel catcher efficiency, both the decay point in the
fiducial region and the incident position at the catcher were randomly selected for each event, and thus the
resultant efficiency is an average of those photons. Actually, the position at the catcher was chosen inside
the coverage of the guard counters, i.e., 2.34 m in the horizontal and±8 cm in the vertical directions. In a
similar way, the efficiency of the guard counter is an average over the whole active area. In the right figure,
there are two lines for the efficiency of the guard counter, each of which indicates the efficiency for the
guard counter alone and the combined efficiency with the aerogel catcher. The reason why the efficiency of
the guard counter alone happens to be low, is that there are significant number of events with the shower
leakage to the aerogel counter, which are covered by the combined efficiency with the aerogel catcher. As
can be seen from the figures, the aerogel catcher and the guard counter give 99% efficiency for photons of
300 MeV and greater.

Next, the photon efficiency as a function of the incident position at the face of the Catcher was cal-
culated. It was assumed that the photons come from the edge of the downstream end of the fiducial decay
region, as shown in Fig.6e.14. These photons have the largest angles for detection, and constitute the worst
case for the Catcher. As can be seen in Fig.6e.14, the Catcher has more than 99% efficiency within the
region of±20 cm (vertical) by 3.4 m (horizontal).
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Fig. 6e.13. Efficiencies for photons as a function of incident energy. Each figure shows
the efficiency of the aerogel catcher (left) and the guard counter (right). In the right
figure, there are two lines indicating the efficiencies of the guard counter alone and the
combined efficiency with the aerogel catcher.
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Fig. 6e.14. Efficiencies for photons as a function of the incidentX (left) andY (right)
positions. The vertical (horizontal) position was fixed to be at the center in the left
(right) figure.
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6e.4.2 Response to Neutrons

Figure6e.15shows the hit probabilities for neutrons of the aerogel catcher and the guard counter. In
the calculation, incident positions of neutrons were randomly set inside the core beam region, and thus
the hit probability defined here is the average over the whole beam region. In addition, this means for the
guard counter we only considered the effects of secondary particles from interactions in the beam region,
i.e., interactions between the core beam and the aerogel catcher. Since we found that the influence from
interactions directly between halo neutrons and the guard counter are relatively small compared with the
in-beam interactions, we neglected it in our consideration for the guard counter. As can be seen in the left
figure, the coincidence condition gives about 0.3% hit probability for 0.8-GeV neutrons, which are the main
contributors to the false veto probability as described below, satisfying our requirement for the Catcher. The
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Fig. 6e.15. Hit probabilities for neutrons as a function of kinetic energy. Each figure
shows the hit probability of the aerogel catcher (left) and the guard counter (right).
The hit condition in each figure is same as the one described in previous section. Note
that only the effects of secondary particles from interactions between the core beam
and the aerogel catcher were considered in the right plot, because they are the main
contributor to the count rate of the guard counter.

singles count rate of the photomultipliers is another concern because it can hinder their stable operation.
This issue was checked, and Figure6e.16shows the estimated rates. In these figures, the top lines indicate
the expected flux of neutrons as a function of the energy, with the beam intensity of 100 TP on the target and
the production angle is 42.5 degree. The threshold level was assumed here to be set to 1 p.e. equivalent for
the aerogel catcher and 50-MeV equivalent (80 p.e.) for the guard counter. The hit probability of a module
when one neutron hit the counter was calculated first. It depends on the position of the module in the whole
configuration. The maximum and averaged probabilities are indicated.

By multiplying the probabilities with the expected number of neutrons in a microbunch, the number
of neutron-induced hits in a microbunch can be obtained, as shown in the figure. By integrating over the
neutron energy (0.073 per a microbunch in the figure) and taking the microbunch frequency of 25 MHz, the
maximum singles rate per module of the aerogel catcher was estimated to be 1.8 MHz. The count rate of the
guard counter was estimated in the same manner and found to be safely low (105 kHz).

Another concern is that genuine signals could be vetoed and thus lost due to accidentals from neutrons.
This false veto probability was estimated, and Figure6e.17shows the number of false coincident hits in a
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Fig. 6e.16. Estimated singles counting rate due to neutrons as a function of kinetic
energy. Each figure shows the rate of the aerogel catcher (left) and the guard counter
(right). As in Fig.6e.15, only the effects of secondary particles from interactions be-
tween the core beam and the aerogel catcher were considered in the right plot.
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Fig. 6e.17. Estimated false veto probability due to neutrons. The upper line with square
dots indicates the expected number of neutrons in a microbunch. Multiplying the coin-
cidence hit probability shown in Fig.6e.15, the false veto activity in a microbunch as
a function of neutron kinetic energy could be obtained, shown as the lower line with
closed circles. In the plots of the guard counter, only the effects of secondary particles
from beam interactions were considered.
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microbunch. Integrating the neutron contribution above 0.5 GeV where the neutrons come into the signal
time window, 1.04 counts per microbunch was obtained. Assuming the timing resolution to be 0.5 nsec and
a signal time window of 26.3 nsec,† the final false veto probability after±3σ timing cuts is expected to be
1.042× 3 ns/26.3 ns= 11.9%.

The real photon signal, which we want to catch and veto, might be smeared (and thus lost) by adjacent
(early or late) particles. In particular, when unwanted signals are bigger than the real signal and arise just
before it, they are likely to cause a loss in efficiency. Such loss due to neutrons was estimated by the simula-
tions. It was simply assumed here that a module will be blind throughout the microbunch once a signal has
been generated. The efficiency loss by accidentals, defined as the probability of destroying coincidences,
was found to be 1.0%.

6e.4.3 Response to Neutral Kaons

The hit probability forKLs that do not decay in the fiducial decay region but rather decay further down-
stream or interact directly with the Catcher was investigated. Figure6e.18shows the results. We considered
both effects of theKL decays upstream of and inside the Catcher andKL interactions with the Catcher in
this calculation. According to the simulation, the hit probability is 12% at 1 GeV/c, most of which is due to
KL decay in the Catcher.
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Fig. 6e.18. Hit probabilities forKL as a function of momentum. Each figure shows
the hit probability of the aerogel catcher (left) and the guard counter (right). The hit
conditions in these figures are described in the section of ”Efficiency for Photons”.

Similar to the discussion about neutrons, the singles counting rate and false veto probability due to
neutral kaons were also estimated, as shown in Figures6e.19and6e.20. The upper lines with square dots
indicate the expected number ofKLs in a microbunch which survived to the end of the fiducial decay
region (z=14m). Integrating over the whole momentum region, the maximum singles rates due toKLs were
estimated to be 325 and 175 kHz for the aerogel catcher and the guard counter, respectively. In a manner

†The time window was calculated with theKL momentum range of 0.4< PK <1.3 GeV/c and the full decay region length. It was
defined as the arrival time difference at the upstream face of the catcher.
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Fig. 6e.19. Estimated s counting rate due to neutral kaons as a function of kinetic
energy. Each figure shows the rate for the aerogel catcher (left) and the guard counter
(right).
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Fig. 6e.20. Estimated false veto probability due to neutral kaons. Multiplying the hit
probability shown in Fig.6e.18with the false veto probability, the false veto activity
in a microbunch as a function ofKL momentum was obtained, as the lower line with
closed circles.

similar to that for neutrons, the false veto probability due to neutral kaons was found to be0.267(0.152) ×
3 ns/26.3 ns= 3.0(1.7)% for the aerogel catcher (the guard counter).
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6e.4.4 Responses to Beam Photons

In addition to the neutrons andKLs, there exist photons that are produced directly in the production
target. These photons (called “prompt photons”) may also contribute to the false veto probability.

From the expected energy spectrum and flux for the prompt photons, shown in Section5, the coinci-
dence count was calculated to be 0.06 per microbunch. However, there is no harm because they always arrive
at the Catcher 2-ns faster than the fastest signal. Even in the case of the worse timing resolution, say 5 ns,
the false veto probability can be safely neglected (<0.1%).

The singles rate by prompt photons is rather high and not negligible. The expected number of hits in a
microbunch was found to be about 0.07, and thus the rate will be 1.8 MHz for a threshold of 1 photoelectron.

Another problem is the efficiency loss due to some modules being blind. The beam photons arrive at
the Catcher more quickly than other particles. They always generate a signal before the real photon we want
to catch and veto. Assuming the double-pulse resolution to be 3 ns, this loss was estimated to be 1.7%.

6e.5 Summary

The design of the beam Catcher detector based on the combination of a distributed aerogelČerenkov
counter and a lucite sandwich counter has been examined. Their combined performance has been studied
with Monte Carlo simulations based on measured and/or reliable parameters, and is found to meet the
requirements for our experiment. The simulations yield 99% efficiency for 300-MeV photons, and 0.3%
efficiency for 0.8-GeV neutrons. The relevant parameters are summarized in Table6e.3.

Table 6e.3. The summary of the resultant parameters.

photon efficiency ≥ 99% above 300 MeV
neutron hit probability 0.3% at 0.8 GeV
false veto probability 11.9% due to neutrons

3.0% due toKLs in the aerogel catcher
1.7% due toKLs in the guard counter

singles rate (max.) 1.8 MHz due to neutrons
325 kHz due toKLs in the aerogel catcher
175 kHz due toKLs in the guard counter
1.8 MHz due to beam photons

efficiency loss by blindness 1.0% due to neutrons
1.7% due to beam photons
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6f Photon Detection Inefficiency

6f.1 Overview

The primary sources of photon detection inefficiency in KOPIO are:

◦ Sampling fluctuations (no visible energy detected in active material);

◦ Punch-through (escape of photons before conversion); and

◦ Photonuclear interactions (no electromagnetic shower).

Sampling fluctuations and punch-through, being purely electromagnetic processes, are well understood
and well simulated by Monte Carlo tools. Photonuclear interactions are more problematic. Measurements
of the interaction cross section as a function of photon energy are available for a large number of elements.
In some cases, measurements are also available for the multiplicity, energies, and even angles of the out-
going particles following a photonuclear interaction. However, in most cases, a model must be used for the
outgoing particles.

The strategy for predicting the photon detection inefficiency for KOPIO is as follows. First, the single
photon detection inefficiency (SPI) for photon energies between 20 and 200 MeV was obtained from data for
K+ → π+π0 decays in experiment E949. To project these results to the KOPIO photon veto situation, where
a different arrangement of lead and scintillator is planned, the FLUKA Monte Carlo (FLUKA 2003.1b)[1]
code was used; the validity of FLUKA was checked by simulating the E949 photon veto detectors and
comparing them with the measurements. For photon energies where the agreement between FLUKA and
E949 data was poor, the E949 measurements were simply carried over as the estimate of the KOPIO photon
detection inefficiency. For photon energies below 20 MeV, we relied solely on FLUKA because sampling
fluctuations are expected to dominate. For photon energies above 200 MeV, we relied primarily on measure-
ments[2] of the inefficiency due to photonuclear reactions in lead-scintillator sandwich calorimeters. The
E949 data were also used to estimate the effect on photon detection inefficiency of dead material (carbon)
in front of the photon veto detectors.

Other potential sources of photon detection inefficiency include:

◦ Detector cracks;

◦ Photostatistics; and

◦ “Blindness” caused by overlap with previous activity in the counter.

Cracks (and/or WLS fiber holes) are dealt with by careful engineering design. The effects of photostatistics
are expected to be negligible due to the high light output in the KOPIO photon detection systems. Blindness
depends on the double-pulse resolution and on detector rates. In E949 scintillator-based systems, second
pulses riding on the tail of another pulse were identifiable starting at around 6 ns. To cover smaller time
separations (assuming the detector rates are high enough to warrant it), the veto window can be extended
backwards in time by 6 ns. This shift would result in an acceptance loss, the effect of which is estimated in
Sec.13.

6f.2 Sources of photon detection inefficiency

6f.2.1 Sampling fluctuations

Sampling fluctuations dominate the inefficiencies for low-energy photons. The effect comes from ab-
sorption of a photon’s charged products in the non-active material (lead). Therefore the thickness of a single
lead layer is a parameter to be optimized. A high light output of the detector is another important factor for
suppressing inefficiencies caused by low visible energy deposited in a scintillator. Sampling resolution and
the visible fraction of deposited energy are shown in Fig.6f.1 for 0.5- and 1-mm-thick lead layers.
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Fig. 6f.1. The energy resolution (σ/
√
E) and visible fraction versus the thickness of a

scintillator layer in the case of 0.5- and 1-mm lead. The resolution is determined from
pure sampling and leakage fluctuations. The number of layers is 180 for 0.5-mm Pb,
and 100 for 1-mm Pb.
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A rough estimate of sampling inefficiencies can be obtained without detailed detector simulations. The
sampling fluctuations cause a spread of the measured (visible) energy. The resulting inefficiency can be es-
timated by calculating the probability that the measured energy is below a specified detection threshold. For

example, assuming a Gaussian distribution of the measured energy, an energy resolutionσE/
√
Eγ [GeV] =

5%, and a detection threshold of 1 MeV, the inefficiency is7 × 10−5 for a 40-MeV photon, and goes up to
6× 10−4 and even6× 10−3 for 30- and 20-MeV photons, respectively.

It is found in GEANT simulations that the first scintillator layer must provide the largest light output in
order to detect the “back-going” charged particles emitted as a result of photon conversion in the first lead
layer.

6f.2.2 Punch-through

The contribution of punch-through to the photon detection inefficiency can be calculated from the pho-
ton mass attenuation coefficients tabulated at NIST[3]. Good agreement was seen between such calculations
and explicit Monte Carlo estimations.

6f.2.3 Photonuclear Interactions

Although the electromagnetic interactions are well understood and simulated, the photonuclear reac-
tions are described by different nuclear models that are valuable for studying fundamental properties of
nuclei. However, actual cross sections must be obtained through direct measurements. The energy range is
commonly subdivided into three regions, reflecting the length scales on which the interaction occurs. In the
energy range below approximately 30 MeV, typically called the Giant Dipole Resonance (GDR) region, the
photon interacts with the nucleus as a whole, inducing dipole oscillations. Between 30 and approximately
200 MeV, known as the “quasi-deuteron” region, the photon can be described as interacting with “deuterons”
in the nucleus. Photons above approximately 200 MeV are energetic enough to start producing pions. The
photonuclear cross section typically has a GDR peak at around 20 MeV, then falls off in the quasi-deuteron
region, rising slightly at the pion production threshold and staying roughly flat for photon energies of interest
to KOPIO.

The photonuclear reaction threshold in lead is about 7.3 MeV. The absorption is peaked near 13.4 MeV
and falls gradually above 25 MeV. Above 14 MeV (the threshold of 2n or n+p production), there is in
principle a chance that a proton will be emitted and detected. However, due to the large Coulomb barrier
in heavy nuclei, the probability of this process is negligible compared with neutron production. In lead, a
photon with typical energy of 80 MeV knocks out 5–7 neutrons with energies each around 2 MeV. Neutrons
in this energy range travel outside the lead into the scintillator, where they lose their kinetic energy through
collisions with hydrogen nuclei. Such neutrons can be detected when they kick out a proton that has energy
above a detection threshold.

In lighter materials such as carbon, a photon knocks out neutrons and protons with roughly equal prob-
ability (in the GDR region, the proton to neutron ratio is roughly two to one). The photonuclear reaction
threshold is around 15 MeV in carbon, and peaks near 23 MeV.

The photoneutron cross sections in the photon energy range of 25–130 MeV have been studied for lead
in Ref.[4]. The results are shown in Fig.6f.2 in comparison with the cross sections for electromagnetic
interactions. The total photonuclear cross section in carbon (the base element of a plastic scintillator) was
measured in Ref.[5]. The cross section was found to be about 1.5 mb in the photon energy range from 60 to
160 MeV. Below 60 MeV is the GDR region with a maximum cross section near 23 MeV. Total photonuclear
absorption cross sections in lead and carbon (as the main component for scintillator) are shown in Fig.6f.3.
The data were compiled from Ref.[6].

6f.3 E949 Measurements of Photon Detection Inefficiency

The measurement of the E949 SPI was performed withK+ → π+π0 decays. The charged pion and one
of the photons from theπ0 were kinematically fit (assuming aKπ2 hypothesis) to obtain the direction and
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Fig. 6f.2. Total electromagnetic cross-section in leadvs.photon energy. Blue circles
show the cross section of photonuclear absorption in Pb as measured in Ref.[4].
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energy of the second photon. The detection inefficiency for the second photon was measured for different
visible energy thresholds as a function of photon energy and direction; veto time windows ranged from 6-10
ns (full-width). The result for normally incident photons is shown in Fig.6f.4. Note that these results include
the effect of veto blindness at the E949 counter rates. At normal incidence, the E949 photon veto system
consists of 34.085 cm of scintillator (one layer 0.7cm thick followed by 17 layers, each 1.905cm thick,
and then by one 1cm-thick layer; this is the so-called Range Stack), followed by 88 layers of 5mm-thick
scintillator interleaved with 87 layers of 1mm-thick lead.

Fig. 6f.4. E949 photon detection inefficiency as a function of photon energy for normal
incidence. Thresholds are for visible energy.

The E949 data were also used to estimate the effect of dead material (carbon) in front of the photon
veto. The same SPI analysis as above was performed, but data from successive layers of the Range Stack
were blanked out to simulate dead carbon of various thicknesses.

6f.4 FLUKA Simulation of E949 Photon Veto

The E949 photon veto detectors were simulated in a planar geometry with the photons incident at
the center. The energy deposited in the scintillator was summed (saturation effects were included) and the
fraction of events with energy below a certain threshold was counted. The results for a 1-MeV visible energy
threshold are shown in Fig.6f.5 together with the E949 measurements.

Investigations of the discrepancy between FLUKA estimations and the E949 data have met with lim-
ited success, except perhaps for the 30-MeV bin where resolution effects in the photon angle reconstruction
in E949 artificially increase the measured photon detection inefficiency. The significant discrepancy in the
intermediate energy region (50-150 MeV) remains a mystery, especially since photonuclear effects are ex-
pected to be suppressed in this region. For photon energies of around 190 MeV, however, the agreement
between FLUKA simulation and E949 data seems reasonable.

6f.5 Estimation of KOPIO Photon Detection Inefficiency

The photon detection inefficiency for photon energies 20 MeV and below was estimated with FLUKA.
The longitudinal segmentation was that of the KOPIO Barrel Veto: 0.5-mm lead and 1.5-mm scintillator.
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Fig. 6f.5. Dots: photon detection inefficiency as a function of photon energy, measured
in E949 with 1-MeV (visible) threshold for normal incidence. Triangles: FLUKA sim-
ulation of E949. The horizontal error bars for the FLUKA points should be ignored.

The total thickness was 17 X0. The (small) punch-through contribution was calculated with the photon mass
attenuation coefficients tabulated at NIST[3] and subtracted (to be added separately later after optimizing
the total thickness of the photon veto).

For the 30-MeV bin, the inefficiency was estimated with FLUKA. The longitudinal segmentation was
that of the KOPIO Calorimeter: 0.275-mm lead and 1.5-mm scintillator. The structure simulated was 18 X0

thick although, as above, the punch-through contribution was accounted for separately. For 50-170 MeV,
the E949 measurements were used because FLUKA could not be validated in this energy region. Again, the
punch-through contribution was subtracted, for separate addition later. For 170-190 MeV, the inefficiency
was estimated with FLUKA, again using the Calorimeter longitudinal segmentation. Above 190 MeV, the
slope of the decrease in the inefficiency (due to photonuclear) as a function of photon energy was taken
from[2], but normalized to the FLUKA photonuclear inefficiency at 190 MeV. The photonuclear inefficiency
was not allowed to drop below1× 10−6, to be consistent with the results in[2].

For all energies 20 MeV and above, a contribution to the inefficiency from the vacuum vessel was
estimated from the E949 data and added (assuming 2 cm of carbon fiber). In all of the above estimations,
normally incident photons and a 1-MeV visible energy threshold were assumed. (The treatment of angular
dependence is described later.)

The resulting photon detection inefficiency for a structure with 0.275-mm lead and 1.5-mm scintillator
with a total thickness of 21.6 X0 is shown in Fig.6f.6. The total thickness was chosen to make the contri-
bution of punch-through negligible for all KOPIO photon energies, even for normal incidence. Monte Carlo
studies showed that, in the region of the Preradiator/Calorimeter, the photon energies and angles were such
that KOPIO would benefit from reducing punch-through. In the Barrel and Upstream veto regions where the
photon spectra are softer and are frequently produced at larger angles, the required thickness was 18 X0.

The behavior of the photonuclear contribution in Fig.6f.6 for photon energies below 30 MeV is a rough
estimate based on the photonuclear cross section. The inefficiency due to photonuclear reactions is expected
to drop as the photon energy falls below that of the Giant Dipole Resonance region. The exact shape of the
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Fig. 6f.6. Left: Expected photon detection inefficiency in KOPIO, broken down by
source, for a 1 MeV visible energy threshold and normally incident photons. Also
shown is the photon detection inefficiency measured in E949. Right: the same plot on
an expanded photon energy scale.

Fig. 6f.7. Left: Expected photon detection inefficiency in KOPIO as a function of pho-
ton energy and angle of incidence, for a 1-MeV visible energy threshold. Right: the
same plot on an expanded photon energy scale.
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photonuclear inefficiency in this region is not expected to affect the total inefficiency because the contribu-
tion from sampling fluctuations is rapidly rising.

The treatment of photons at non-normal incidence was as follows. The inefficiency due to sampling
fluctuations was assumed to scale linearly with the lead thickness. The inefficiency due to the dead material
was seen from the E949 studies to scale linearly with the thickness. The inefficiency due to punch-through
was recalculated from the mass attenuation coefficients for each photon, based on its angle of incidence.
The inefficiency due to photonuclear reactions appeared from the data in Ref.[2] to be independent of the
lead thickness, at least up to a thickness of 1 mm; studies with FLUKA supported this picture. Given a
thickness of 0.275 mm per lead layer, this insensitivity implied that the photonuclear contribution would be
independent of incident angle up to∼70◦. The photon detection inefficiency as a function of energy and
angle is shown in Fig.6f.7.

6f.6 Future Work

Future work on this subject includes the following. The discrepancy between FLUKA simulations and
E949 data will be investigated further. On the simulation side, studies have been started with GEANT4
which uses a different model for photonuclear effects. Timing and hermiticity effects in FLUKA for pho-
tonuclear reactions will be examined. Further studies of the systematics of the E949 SPI measurements are
also planned. The parameterization of the expected KOPIO photon detection inefficiency for input to the
KOPIO Fast Monte Carlo will be improved to take into account the different longitudinal sampling in the
different detector systems; currently the Calorimeter sampling is used in both the Barrel and Upstream veto
regions. The effects of the photon incidence angle on the inefficiency (in particular, sampling and photonu-
clear) will be studied further with Monte Carlo.
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7 The Vacuum

The challenge for the KOPIO vacuum system is to provide a high-quality vacuum in the beam path with
a minimum amount of material between the decay region and the photon detectors. A vacuum of∼10−7 Torr
is required in the beam path to suppress beam interactions with the residual gas. These interactions near the
decay region can create neutral pions, which might be reconstructed asK0

L decays. The motivation for this
level of vacuum is described in Sec.13 on sensitivity and backgrounds. The vacuum vessel for the decay
region must be constructed from a minimum amount of material (< 7% X0) to reduce photon conversion
and photon generation from electrons and positrons. In addition, the decay region must have charged-particle
veto counters located inside the vacuum vessel to provide sufficiently low thresholds for produced charged
particles. These combined requirements make the KOPIO vacuum system a challenge.

Figure7.1 displays the conceptual design of the vacuum system and the vacuum requirements in plan
and elevation views. The good vacuum,∼10−7 Torr, extends from the upstream collimator system to past
the Preradiator and Calorimeter. Downstream of the Calorimeter, the vacuum requirements are much less
stringent. The vacuum pressure can be∼10−3 Torr in the downstream regions of the vacuum system. A
thin membrane with a thickness of a few milligrams per cm2 will provide the transition between these two
vacuum regions. Figure7.1 shows that a region of poor vacuum exists between the decay volume and the
vacuum tank wall. This region contains the charged-particle veto counters. Another thin membrane will
isolate this region, with a pressure of∼10−3 Torr, from the fiducial decay volume where the high-quality
vacuum is required. Pumping stations will be distributed along the vacuum system.

A senior vacuum engineer has examined the vacuum layout and requirements for KOPIO. He is confi-
dent that the goals of the experiment can be achieved. The pumping system will have a PLC-based controls
system for regulation. The controls will provide for pump-down and bleed-up sequences, including protec-
tion for power failures. The high vacuum will be accomplished by mechanically-refrigerated cryosorption
pumps. The rough vacuum will be provided by turbomolecular pumps.

The requirement for a thin (< 7% X0) decay tank, entrance beam pipe, and exit beam pipe suggest
the use of low-Z materials. Discussions with a Russian company experienced with composite structures are
ongoing and may lead to a design based on carbon-fiber composite beam pipes and decay tank. However, the
use of aluminum for the beam pipe and decay tank has been currently selected for the experiment. Figure
7.2 displays the layout of the decay tank with the beam pipes attached. Current engineering analysis has
shown that the tank and beam pipes meet the necessary safety guidelines for vacuum vessels and nearly
achieve the thickness goals of the experiment. The aluminum decay tank has a diameter of 2.5 meters and
a wall thickness of 6 mm. The central portion of the tank is 4 meters long and is coupled to the end domes
with flanges. The central body of the tanks has two flanges that will allow opening the tank for the charged-
particle veto detectors. The flanges will also be used for mounting the feedthroughs for the charged-particle
detectors inside. The section of beam pipe that goes through the Preradiator has transverse ribs appropriately
spaced so that sections of the Preradiator fit between the ribs.

The vacuum required downstream of the Calorimeter is all poor-quality vacuum,∼10−3 Torr. The
vacuum tank inside the D4 sweeper magnet, will be stainless steel and will contain the Magnet Photon Veto
detector system. Figure7.3 displays the conceptual design of the downstream tank that is connected to the
magnet tank. This tank is constructed with steel in a rectangular geometry. The tank is reinforced with box
beams to provide the necessary strength. The tank is 5 meters long but has been divided into two sections
to allow for easier insertion of the photon veto and installation of the tank in the experiment. The end plates
of the tank are reinforced as shown in the figure. The vacuum is terminated at the end of this tank with an
aluminum window on the downstream end, which is 3-m wide and 20-cm high.
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Fig. 7.1. Vacuum system design.
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8 Photodetector Electronics

The front end electronics (FEE) for the KOPIO photosensor detectors are based on common designs
as much as possible. These common FEE systems include everything from the output of the photosensor
to the outputs to the DAQ and Trigger: high voltage (HV) and low voltage (LV) systems, preamplifiers,
cabling, Waveform Digitizer (WFD) boards, and Crate Data Collection boards. The FEE also include a
calibration/monitoring system. The FEE for the Preradiator chamber are discussed separately in Sec.6a
(Preradiator).

The common FEE include several components attached to the photosensor, including a preamplifier
and a LV-HV converter. The associated power supplies are also common, whereas the cabling will be tai-
lored somewhat differently for photosensors mounted in the vacuum to avoid excessive costs of vacuum
penetrations.

The common design for the monitoring system will flash light into all photodetector systems through
optical fibers. This triggerable system will allow for rapid detection of any failed channels and will pro-
vide a rapid calibration of photosensor gains with high precision. The details of the driving circuit and the
distribution of the light sources and fiber optics may vary somewhat from system to system.

The common readout electronics includes WFDs with a standard layout of thirty-six 250 MHz, 10-bit
flash analog-to-digital converters (FADCs). This board will allow for the readout of 36 channels of photo-
sensors that require 250-MHz sampling frequency or 18 channels of photosensors that require 500 MHz.
These boards will receive clock and trigger information from the Clock Receiver boards mounted on the
Crate Data Collectors, in addition to the analog inputs. These boards will also provide output data to both
the Trigger and data acquisition (DAQ) system.

8.1 Photosensor Mounted Systems

This section describes the common components located in the photosensor housing, but not including
the photosensor itself. The photosensor, either an Avalanche Photo Diode (APD) or a Photomultiplier tube
(PMT), is described in the respective section for each subsystem. The components in the ‘base’ of the pho-
tosensor, including the LV to HV converter, HV control, preamplifier, LV power, and cabling are described
here. The standard cabling includes four cables: one signal, one LV power supply, one HV control, and one
preamp power supply.

8.1.1 HV System

The HV system is common for all photosensor systems and is based on an economic, compact, low-
current individual HV-unit, mounted directly into each photosensor housing. This system eliminates expen-
sive and bulky HV cables and connectors, lowers the power consumption per HV power supply, and reduces
the electrical HV hazard associated with traditional HV supplies.

A picture of the photosensor housing for the Calorimeter, including the HV unit, is shown in Fig.6b.18.
A schematic diagram of one HV channel is shown in Fig.8.1. One can see in this figure, and also in
Fig. 6b.18, that the primary element of this scheme is a new commercial LV-HV converter: the C20 with
analog control produced by EMCO Corporation[1]. This compact, regulated, and programmable HV power
supply in a shielded package occupies only one cubic inch and, with a low-voltage input of 12 V, provides an
output voltage up to 2,000 V with output currents up to 0.5 mA. This chip features low ripple (< 0.002%),
high stability (< 50 PPM/◦C), low noise generation (low EMI/RFI), and 0 to 100% programmable output
via a 0–5-V control voltage that will be provided by a commercial 12-bit VME Digital to Analog converter
(DAC) (XIP-TVME200/XIP-5220, produced by Xycom Automation Inc.). The expected cost of one HV
channel is∼$140, which is almost half the cost of a ‘standard’ commercial HV-system. A sample of the
new LV-HV converter was tested with a Calorimeter APD and its characteristics satisfy the APD HV-supply
requirements.
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Fig. 8.1. Schematic diagram of one HV channel, with 12-V input power and 0–5-V
control voltage from a VME based DAC.

8.1.2 LV System

The low voltage system consists of power and control for the LV-HV converter and power for the
preamp. The low voltage power supplies sit in racks away from (but close to) the detector. The control for
the LV-HV converter is provided by VME-based DACs. There are four daughter boards with 16 channels
each per VME card. The LV power and control are brought to the photosensor housing by two cables,
for systems outside of the vacuum. A reduction of the number of cables penetrating the vacuum for the
remaining systems can be accomplished by splitting the LV power inside the vacuum.

8.1.3 Preamplifier

The preamplifier is based on a common design for all systems, but will require some tuning for each
subsystem’s requirements. The low voltage power will be provided via cables from the supplies near the
detector along with the low voltage power for the LV-HV converters. The shaping times will be determined
by the specifications of each detector. The Calorimeter APD system will have longer shaping times (≤20-
ns peaking time), whereas the Charged Particle Veto (CPV) and Catcher systems, with fast PMT readout of
scintillator or Cherenkov radiation, will have short shaping times. The Photon Veto (PV) and External Photon
Veto (EPV) systems, with PMT readout of scintillator energy deposits read out through Wavelength Shifting
(WLS) fibers, will have intermediate shaping times. A schematic of the preamplifier for the Calorimeter
APD is shown in Fig.6b.19. Some measurements of preamp noise are shown in Fig6b.15. The scintillator-
based photosensor systems are inherently fast, with good double pulse resolution that is ultimately limited
by the ability to distinguish a second pulse close in time to an earlier pulse and the pulse width. To minimize
pileup from earlier hits, the APD (or PMT) pulses may have to be shaped to reduce pulse tails. A second
preamplifier design in which the pulse is shortened with a clipping line is under consideration and is shown
in Fig. 8.2. The resistor-capacitor at the end of the line is adjusted to obtain a return to a zero-volt level
after clipping, yielding a Calorimeter pulse of about 20 ns (FWHM) in duration. The exact values of the
parameters of this arrangement depend on the fall time of the pulse. Similar shaping of other systems is
planned. The shaped pulses are then sent by∼10-meter coaxial cables to the WFD boards located in crates
near the detectors.

8.2 Calibration and Monitoring System

The ultimate calibration of the KOPIO detector will be donein situwith copious backgroundKL decays
and specially triggered events acquired during the experiment. It is anticipated that events rejected by the
Level 3 trigger (L3) will also be available for calibration purposes — the DAQ can store these events in
condensed format (e.g. ntuples). The advantage of thein situ calibration is that it is carried out under the
same conditions and with the same methods as those for the process being studied. This procedure also
allows the Preradiator, Calorimeter, and Photon Veto systems to be calibrated both separately and as a single
entity from the same data set. A drawback of this process is that it requires a relatively long period of
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U1 is the AD8099 amplifier (Analog Devices).

U2 is the AD8009 amplifier (Analog Devices).

L1 is the 2-m clipping line (50Ohm).

T1 is the ADTT1-1 RF-transformer (MINICIRCUIT).

All schematic components are the surface-mount elements.


KOPIO experiment
APD voltage amplifier


In


R5

300


R6

300


+


-


R7 3k

3


2


7

U1


6
4


C2 0.1
 
F


C1 10
 
F


+


R1   10


R2   10


C3 0.1
 
F


C4 10
 
F

+


+


-


R11


499

3


2


7

U2


6
4


R10

51


C6 0.1
 
F


C5 10
 
F


+


R3   10


R4   10

C8 10
 
F


+


C7 0.1
 
F


Out 1


Out 2


+5 V


- 5 V


R12


51


T1
 R13 25


R14 25

R9


51


R8

25


L1


Out 0


Fig. 8.2. Schematic diagram of a clipping preamplifier.

data accumulation to achieve a sufficient number of calibration events. Thus, two supplemental systems are
required: one for pre-calibration with an accuracy of a few percent, and another to monitor its performance
and restrict the variation of the photosensor gains to the order of 0.4%. The calibration system has two main
functions:

◦ Rapid detection of failed channels, and

◦ Monitoring of gain changes between physics calibration samples.

To achieve sufficient veto hermiticity, the monitoring system should be able to detect a failed element within
a few beam spills. To achieve the required KOPIO energy resolution, an appropriate calibration and moni-
toring system must be deployed.

8.2.1 Pre-calibration System

A pre-calibration will use cosmic-ray muons; this technique was successfully used by Experiment
E865[2] with a calorimeter that had very similar characteristics to the KOPIO Calorimeter. This pre-calibration
is based on the assumption that the mean value of signals from cosmic-ray muons passing vertically through
Shashlyk modules is approximately the same for all modules. In E865, the 600 calorimeter modules were
pre-calibrated with an accuracy of 4% in one hour, even from a ‘cold start’. Cosmic-ray muon calibration
also provided long-term monitoring of the photosensor gains with an accuracy of 1–2%.

This technique simply requires a special trigger from the Level-1 trigger (L1) that recognizes cosmic
muons vertically penetrating an entire detector system. In the Calorimeter, such a trigger can be formed
from a coincidence between the top and bottom horizontal layers of modules, gated between AGS pulses;
similar triggers can be created for all of the photodetectors that are used in the trigger, including the PR, PV,
and CPV. Currently the only such systems not used in the trigger are the Catcher and External Photon Veto.
These triggers will be generated for each subsystem with an appropriate prescale. The data will be read out
through the standard DAQ stream.
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8.2.2 Monitoring System

Every photodetector system will employ a monitoring system based on light sources and fiber optics to
allow a rapid detection of any failed detector element and to monitor photosensor gains. The details of the
design for those systems with photosensors in the vacuum will be somewhat different in order to minimize
the number of vacuum penetrations. (None of the systems in vacuum are involved inπ0 reconstruction
or need a particularly high level of precision from the LED system). The monitoring system employs light
flashers and must satisfy a number of specific requirements that vary somewhat for each detector subsystem:

◦ high long-term and short-term temperature stability — better than 0.1% is fairly straightforward to
achieve;

◦ short light pulse duration —less than 50 ns, tailored to match each photosensor;

◦ small variation in the flash amplitude —less than 0.2% for the Calorimeter and otherπ0 detectors
(less stringent for the CPV or Catcher);

◦ a large number of photons in the light pulse – more than 10,000 photons/channel for theπ0 detectors
(less for the CPV and Catcher);

◦ variable pulse repetition rate and intensity.

These requirements can be met with Light Emitting Diodes with a brightness of 5–10 Cd that have recently
been developed (‘ultra bright LED lamps’), see Table8.1. The preferred choice for KOPIO is currently the
NSPB-500S which would be used to inject blue light into the scintillator of each detector. In turn, that light
would be converted to green light by the those systems with WLS fibers (except for the Catcher system
where the blue light would be injected directly into the PMT).

Table 8.1. Light intensity parameters of some commercial LED lamps.

LED Photons/pulse(106) Photons/pulse(106)
(8-ns driving pulse) (60-ns driving pulse)

HP HLMP 8505 GREEN 2.8 28
NICHIA NSPB-500S BLUE 45 500

The monitoring system is based on an electronic method of stabilization of the LED light output by
means of an optical feedback provided by a PIN photodiode[3,4]. The PIN diode monitors the LED light
output, and a feedback loop employs this signal to adjust the driving pulse amplitude of the LED. As shown
in references[3] and[4], the PIN diode has a temperature coefficient∼4×10−4/◦ C, with a long-term stability
of better than10−4. As a result, the monitoring system described in Ref.[3] shows a long-term stability of
better than 0.1%.

A block diagram of the LED monitoring system is shown in Fig.8.3. The input ‘start pulse triggers
a stable pulse generator based on ECL elements and an external passive delay line (for stabilization of
the pulse duration). The signal of specified duration is amplified in a linear mode and applied to a power
transistor (pulse current∼2 A), loaded on the LED. Part of the light (20–30%) from the LED is split off
by a special optical beam splitter and sent through an optical collector to the input of the thermo-stabilized
unit to provide an optical feedback. A Hamamatsu S3590-03 PIN diode will be use as the photoreceiver
of the feedback channel. The signal from this diode will be amplified by a charge-sensitive amplifier and
sent to a comparator for comparison with the referenceUREF level. The output signal from the comparator,
which is proportional to the difference of the tested and reference level including the sign, is sent to a ‘LED
current control block’. This block will correct the amplitude of the LED drive pulse to stabilize the PIN
diode signals,i.e. the light signals on the photosensor. The signal from the PIN diode is also sent to a WFD
for control measurements.
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Fig. 8.3. Overview of the LED Monitoring System. This system is triggerable (Start)
with feedback control from a PIN Diode, which is also readout into the standard DAQ
system with a WFD.

The design of the driving and quenching units is well known[3,4]. We have tested the first prototypes
of these units, and test measurements of the first 32-channel prototype of the monitoring system for the
Calorimeter is planned for the Fall of 2005.

The monitoring system described above will service 32 front-end channels. The light monitoring signals
will be delivered via 1.0-mm-diameter clear optical fibers to the front of each module.

From the analysis of existing monitoring systems and our preliminary test measurements of small pro-
totypes, we conclude that the this type of monitoring system will have long-term and short-term stability that
meets our most stringent requirement of 0.1%. The monitoring system will also serve as a pre-calibration of
the module readout chain at the 10% level.

8.3 Readout System

The entire KOPIO readout system will be pipelined and deadtimeless. The WFD, Trigger, and DAQ are
all designed with this idea in mind. The WFD is described below; the Trigger and DAQ are described in
Sections9 (Trigger) and10(DAQ). This design will be used for all photodetector systems in KOPIO (Prera-
diator, Calorimeter, Photon Vetoes, Charged Particle Veto, and Catcher scintillators). The chamber readout
system is described in Section6a(Preradiator). An overview of the readout architecture, with connections
between WFDs, Trigger, and DAQ is shown in Fig.8.4. The WFD data are synchronous with the 25-MHz
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Fig. 8.4. Overview of the FEE/Trig/DAQ and their interconnections. This diagram
shows a generic layout of one of the WFD VME crates. The Crate Data Collection
module is labeled SBC and is connected via Infiniband links (IB) to the WFDs and to
the DAQ. The crate data collector also hosts the Clock Receivers, which broadcast the
clock and trigger information to each WFD. Data is transferred synchronously to the
trigger from each WFD via custom serial links.

system clock, as is also the transfer of data to the Trigger Collector boards. The data transfer to the DAQ,
through the Crate Data Collector boards (labeled by SBC in the figure) is driven by the the L1 trigger result.
The FEE crates will be 9U VME crates in water-cooled racks near, but not on the detectors. The crates
will in general contain 16 WFD cards and a Crate Data Collector card with a CPU/controller. For ease of
triggering, the WFD crates for the Preradiator scintillators will be configured slightly differently, with only
8 WFD boards per crate, This arrangement will allow for an additional 3 Trigger Collector boards and 2
Trigger Routing boards in these crates (see Fig.9.11) and keep a single view of one quadrant in each crate
(eight such crates are needed).

8.3.1 Wave Form Digitizers (WFD)

The Wave Form Digitizers (WFD) will process photosensor signals and provide energy and timing
information to the experiment’s data-acquisition and trigger systems. The WFD is based on a 250-MHz,
10-bit flash analog-to-digital converter (FADC) and is designed to measure energies with an effective 12-bit
dynamic range (0.5–1000 MeV for the Calorimeter) and the time of arrival with respect to the beam mi-
crobunch clock with an uncertainty of less than 100 ps. Operation of the WFD will be completely pipelined
with no dead time.

The design of the FEE should satisfy the following conditions:

◦ peaking times of pulses≤ 20 ns to optimize the energy/time resolution (the signal-to-noise ratio) and
the double-pulse resolution in order to avoid pile-up effects;

◦ fast (250-MHz or 500-MHz sampling frequency) WFD based on 250-MHz FADC’s with 10-bit dy-
namic range;

◦ data storage for the expected 10-µs trigger latency; and
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◦ transfer of zero-suppressed raw data, selected by L1 (3 microbunches will be readout for each trigger),
to Crate Data Collection boards at 70 MByte/s per WFD board.

A schematic drawing of the WFD board is shown in Fig.8.5. The expected density on the 9U VME
boards is 18 channels at 500 MHz or 36 channels at 250 MHz. Nine channels at 1 GHz could be configured if
needed for the Catcher. To achieve 500 MHz, two FADC’s would be run on opposite phases of the 250 MHz
clock.

Each WFD will receive the 25-MHz system clock from the Clock Receivers on the Crate Data Collector
board (see below). This 25-MHz clock will be subdivided to 250 MHz to clock the FADC’s. Both the 25-
MHz and 250-MHz clocks will be fed into the front end FPGA’s along with four FADC outputs. This
scheme will allow each FPGA to process two ends of a PR scintillator, digitized at 500 MHz, to make a
meantime and energy sum. The full waveform for each input channel will be buffered, either in the FPGA or
external memory chips on the board, with the full 10 bits of FADC data plus some additional bits of control
information until the trigger decision is returned in∼10µsec. The trigger data words will also be decoded
by the Clock Receiver and will be distributed to each WFD board.

Each WFD will provide up to 9 high-speed LVDS links to Trigger Collector boards. Data will be
transferred to the trigger synchronously and will be received back by the WFD card from the Clock Receiver
synchronously. The expected L1 latency is 10µsec.

For analog conversion, each WFD channel contains the following: a transformer-coupled analog input
configuration with secondary-side termination, providing an excellent solution to convert a single-ended
source signal to a fully differential signal and avoiding ‘ground’ problems; a monolithic 10-bit 250-MHz
analog-to-digital converter optimized for outstanding dynamic performance at high frequencies; and a FIFO
memory used as pipeline storage of raw digitized data.

All of the electronics will be constructed from commercial components: 10-bit 250-MHz ADCs (e.g.
MAX1124), and large modern fast FPGA’s (e.g. EP2C35C6/484). The latter will be used as processors,
memories, and for the organization of the pipeline buffers, as well as for communications with the Trigger
and Crate Data Collector boards.

8.3.2 Crate Data Collectors

Upon receipt of a L1 trigger, zero-suppressed data for that and the preceding and subsequent mi-
crobunches will be transferred from the WFD boards via high-speed Infiniband links on the VME crate back-
plane to the Crate Data Collection boards. The Data Collection boards are commercial boards (VXS1IB11100C
from SBS Technologies). The data transfer is up to 20 Mbytes/sec. These Data Collection boards will also
support Clock Receiver daughter cards that will distribute the 25-MHz system clock from the Clock Driver
modules (Gigabit serial links) to each front-end card in its crate along the backplane. The Clock Receiver
boards will also translate the serial Trigger Word that has been encoded as up to 40 bits into a parallel series
of bits and transmitted to the front-end cards via the backplane. The data collection board will also serve as
a crate controller for downloading and monitoring functions.

A channel count for FEE is provided in Table8.2. There are 36 channels per WFD board for the
Calorimeter and the Photon Veto systems. There are 18 channels per WFD board for the Preradiator, Charged
Particle Veto and Catcher systems. There is one data collector board per WFD crate; each crate has 16 WFD
boards, except for the Preradiator, where for triggering purposes there are only 8 WFD boards per crate (one
view of one Preradiator quadrant per crate).
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Fig. 8.5. Schematic diagram of WFD board.
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Table 8.2. Channel count for photosensor based front-end electronics. The number of
channels from the PMT/APD is listed along with the number of WFD boards and Crate
Data Collector boards.

System ‘PMT’ WFD Collector
Calorimeter 1564 45 4
Cal-inner 36 1 -
Cal Total 1600 46 4

Preradiator 1152 64 8

EPV 1152 32 2
PV-us 264 8 -
PV-barrel 840 24 2
PV-magnet 160 5 -
PV-ds 280 8 -
PV Total 2696 77 5

CPV-barrel 368 21 2
CPV-magnet 160 9 -
CPV-ds 242 14 -
CPV Total 770 44 3

Catcher 420 24 2
Catcher-guard 144 8 -
Catcher Total 564 32 2

Total 6782 263 22
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9 Trigger

9.1 Introduction and Requirements

The main goal of the trigger system is selection ofπ0νν events with an efficiency better than 95% for
events that would be accepted in the data analysis. The system also has to provide the possibility to collect
parallel triggers for calibrations and efficiency measurements and for other physics topics. Each trigger
source will be individually selectable and prescalable in a programmable fashion.

The initial choices for the subdivision of trigger into levels and the targeted values for the rates at each
level will be discussed with reference to the data-flow model shown schematically in Fig.9.6.

Fig. 9.6. Data-flow model.

Data produced by flash ADC’s are stored in circular memories with sizes sufficient for latency times
in the first level of trigger of the order of 10µs. The first-level trigger (L1) controls the transfer of data
from the circular memories to output buffers. Its maximum rate is thus determined by the bandwidth of
the links connecting the circular memories to the output buffers and by the detector hit rates, because all
front-end subsystems will perform zero suppression at this level. Preliminary estimates of the hit rates in the
Preradiator wire chambers and in the different scintillator systems indicate that a L1 rate of 1 MHz could be
sustained by all readout systems that are being designed.

A second-level L2 trigger would be needed only if there are rate limitations due to the bandwidth of the
connection to the online data acquisition system (DAQ) or from the event building mechanism. The current
design of the DAQ allows for the transfer of data at the maximum assumed L1 rate. Therefore the trigger
design described in this report does not include a L2 trigger, and it will be assumed that all events in the
output buffers will be transferred to the event builder. A possible L2 is still left as on option, however, and a
final decision on this issue will be taken only after the results of a more complete simulation of the trigger
system become available.

The final reduction of data to a level suitable for permanent storage and offline analysis will be per-
formed by a software filter (L3) based on a simplified software event reconstruction that is carried out, after
event building, in the data-acquisition online computers.

The design described in this report for the first-level trigger will use only information from scintillators
and will make substantial use of veto conditions in selected regions of the detector. Strict requirements
for the trigger come from the need to minimize accidental losses. Thus, there must be a flexible means to
program the offsets and widths of veto coincidences down to the level of a few ns. This condition led us
to the choice of a fully digital system based on the trigger outputs of the waveform digitizers described in
section8. In order to keep dead time negligible, the L1 trigger has to be fully pipelined.

This section concentrates on L1 trigger. The implementation of L3 and an analysis of the conditions
that can be used at that level will be discussed in the data acquisition section.
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9.2 Trigger Simulations

The simulation studies performed so far have concentrated on the selection ofπ0νν events with both
photons crossing the volume of the Preradiator. A simulation program based on the GEANT3 package has
been used to evaluate the discriminating power of a number of possible trigger conditions based on signals
from scintillators and using in particular

◦ thresholds in regions of the Preradiator and Calorimeter;

◦ veto counters; and

◦ photon counting algorithms using Preradiator and Calorimeter elements.

Optimization of these conditions for the requirements presented in subsection9.1 is still in progress.
In this section, we present the results of a study where two different options have been analyzed. The first
option yields rates in the ballpark of 100 kHz with inefficiencies around 20%. The second option represents
an initial attempt to improve the efficiencies by using only a subset of the conditions, and it shows that
the aforementioned requirements can be met. A better optimization will result from an adjustment of the
parameters of the first option. Therefore, the full set of conditions used for the first option will be used to
guide development of the baseline design of the trigger.

This section is organized as follows. The first subsection gives some details on the simulation program
and on the definition of the samples for which the efficiencies are quoted. The second describes the trigger
conditions that are used in the simulation and will form the basis for the L1 design presented later. Estimated
rates and efficiencies for the two options mentioned above are presented in the last subsection.

9.2.1 Simulation programs

Although the trigger will be organized to use data in time slices of 40 ns, corresponding to the decays
of interest produced by one microbunch of protons, a proper estimate of the rates and of the efficiency
requires simulation of the activity in the detector associated with particles produced in a large number of
microbunches.

The simulation program collects the energies deposited in the detector in 40-ns time slices associated
with a microbunch. The association of the slice with a microbunch relies on the fact that photons fromK0

L
decays in the accepted range of momentum and vertex position (“candidate” photons in short) produce, in
the Preradiator and Calorimeter, signals contained in less than 30 ns. Thus the time window considered in
any given detector is centered around the interval corresponding to photons in coincidence with candidate
photons∗.

Sources of activity contributing to a given time slice are due with decays of multiple kaons and with
interactions of neutrons produced within the microbunch of interest and in previous microbunches. All of
these sources, including those coming from decays of long-lived particles such as stopping muons, are
accounted for in the simulation.

Trigger conditions are applied to the signals of each time slice to determine the probability for accepting
a time slice. The trigger rate is evaluated as the product of this probability times 25 MHz. For efficiency
studies, the activity of one time slice is superimposed on aπ0νν decay that satisfies setup cuts designed to
reproduce the biases due to the offline selection.

Setup cuts include geometric and kinematic conditions as well as veto conditions. The list of the sim-
plified geometric and kinematic conditions used for signal/background separation and for ensuring good
quality measurements of the photons is presented in Table9.3.

Veto conditions, as determined from all counters except the Downstream Photon Vetos and the Catcher,
are included in the setup cuts in order to separate the specific losses, due to the trigger, from those due to

∗For veto counters, fluctuations in flight path, especially associated to backward photons and charged particles, and in velocity, for
charged particles, would imply an extension of this window beyond 40 ns. However, restricting the windows to 40 ns is adequate
for the trigger, where narrow veto windows are used.

145



Condition Comment
(zUV + 75 cm) < z < (zPR − 50 cm) Longitudinal position of decay vertex

away from upstream veto and Preradiator
front face

640 MeV< E < 1490 MeV Kaon energy
noπ0 Dalitz decay

noγ conversion before Preradiator
both photon trajectories cross Preradiator volume
≥ 1γ conversion before module 8 of the Preradiator

E1 > 10 MeV; E2 > 10 MeV Photon energies
|xfr| < 150 cm ; |yfr| < 150 cm Intersection of the photon trajectories with

the front face of the Preradiator
|xbk| < 200 cm ; |ybk| < 200 cm Intersection of the photon trajectories with

the back face of the Preradiator
188 MeV< E∗

1 + E∗
2 <234 MeV Photon energies in the kaon rest frame

0.33 (E∗
1 − E∗

2) + 190 MeV < E∗
1 + E∗

2 Photon energies in the kaon rest frame

Table 9.3. Conditions defining the sample ofπ0νν events for which efficiency is quoted

unavoidable accidental coincidences already accounted for in the sensitivity estimates of Section13. The
offline treatment is applied, including flight path corrections and, for the Charged Particle Vetoes, offsets
correlated with the event kinematics. Two separate values (± 3ns and± 10ns for the samples called SET1
and SET2 respectively in the following) for the width of the photon veto gates are used. The corresponding
measured inefficiencies will probably bracket the actual values.

Trigger conditions are evaluated from the energies deposited in the active channels of the detector as
simulated by GEANT3.† The information in a given channel is assigned a time corresponding to the time of
the first energy deposit.‡

9.2.2 Trigger conditions

For the purpose of the trigger, the energy in the Preradiator is collected in “strip” sections, each section
including the sum of the energies deposited in scintillators at the same transverse position in all layers of a
given module. The energies deposited in the Shashlyk modules are also summed up in regions at transverse
positions corresponding to the Preradiator strips, with one scintillator strip corresponding to two rows or
columns of Shashlyk modules. These sums will be called “Calorimeter strips” in the following discussions.

Energies deposited in theX or Y Preradiator or Calorimeter strips are used to evaluate the number
of photons by two different algorithms. In both algorithms, to avoid edge effects, strips with the same
orientation in adjacent quadrants and touching along their short sides are summed to produce “superstrips”
running across the entire detector.

In the first algorithm (projection algorithm), the energies are summed along the beam direction for
superstrips at the same transverse position, and the number of clusters (groups of contiguous strips with
E > 1 MeV, separated by at least one strip below threshold) is counted.

†The GEANT3 simulation used for these trigger studies has not been updated to reflect recent evolution in the detector structure
as described in the previous chapters of this report. In particular, a box geometry for the Barrel Photon Vetos is assumed, and the
geometry of some of the Charged Particle Veto counters is unrealistic.
‡The time evolution of the signals associated with optical photon emission and propagation or to the electronic processing is not
simulated. The contribution of these effects is small because the time jitter at the trigger level is dominated by flight-path differences.
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The second algorithm (pattern algorithm) uses only logical signals obtained by applying thresholds
to the signals deposited in each superstrip; it counts patterns of hits consistent with “good” photons,i.e.
photons originating from the fiducial decay region. First, a “shower seed” (i.e. a point close to the the
photon conversion point) is identified as the first superstrip with a hit, in a search order going from upstream
to downstream and from the interior to the exterior edges of the Calorimeter. After the conversion point is
identified, the algorithm goes on to associate hits in other planes which intersect an angle whose apex is at
the seed and whose axis is chosen to maximize the number of hits intersected. The associated hits are erased
and the algorithm is iterated to count the number of showers. Showers are counted as “good” photons only
if the hits in the group of3× 3 superstrips around the seed have a configuration that occurs with sufficiently
high frequency in Monte-Carloπ0νν events from the fiducial decay region. The trigger conditions studied
use the number of photons evaluated by these algorithms in addition to energy sums in appropriate sections
of the Preradiator and to the hits in selected veto counters.

Veto counters used in this trigger study are described in Table9.4. Logical conditions are evaluated:

for photon vetoes by applying a 5-MeV threshold to a sum of the energies deposited in counters of the
group. The sum is computed by including only channels with an energy deposit greater than 2 MeV
which occur at timest within the windowtev − toffset −∆t < t < tev − toffset + ∆t, with toffset and
∆t given in the table andtev determined by the earliest hit in a module of the Preradiator.

for charged particle vetoes as the logical OR of hits above a threshold of 300 keV within time windows
defined as above, in any counter of the group.

Group toffset ∆t Description
CH1 15 ns 3 ns Upstream end cap charged particle vetos
CH2 6 ns 6 ns Barrel charged particle vetos
CH3 2 ns 3 ns Downstream end cap charged particle vetos
CH4 0 ns 3 ns Prerad beam pipe charged particle vetos
NE1 16 ns 3 ns Upstream wall photon vetos
NE2 0 ns 6 ns Barrel(left/right) photon vetos
NE3 0 ns 6 ns Barrel(top/bottom) photon vetos
NE4 −6 ns 3 ns Downstream (magnet) photon vetos

Table 9.4. Veto counters used for the trigger.

Information from the Preradiator and Calorimeter are summarized, for the purpose of this trigger study,
in the following data:

ETOT: total energy deposited in the Preradiator and Calorimeter;

MOD: maximum energy deposited in any of the 32 modules of the Preradiator, with the energy in each
module defined as the sum of the energies deposited in theX andY scintillator strips of that module;

NCLy: number of clusters in horizontal superstrips found by theprojection algorithm;

NCLx: number of clusters in vertical superstrips found by theprojection algorithm;

NSHy: number of showers seeds in horizontal superstrips found by thepattern algorithm;

NSHx: number of showers seeds in vertical superstrips found by thepattern algorithm;

NGPHy: number of showers in horizontal superstrips classified as good photon by thepattern algorithm;
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NGPHx: number of showers in vertical superstrips classified as good photons by thepattern algorithm;

NSD7: number of shower seeds in vertical or horizontal superstrips found by thepattern algorithmup-
stream of the 8th Preradiator module.

9.2.3 Efficiencies and rates

Table 9.5 shows results obtained by using the conditions described in the previous subsection. The
contribution of each individual condition to the signal loss and to the rejection of background events is
given, together with the values obtained when all conditions are applied. Efficiency losses are shown for
two different assumptions for the width of the photon veto gates used in the setup cuts. As discussed in
Subsec.9.2.1, the widths used in defining SET1 and SET2 overestimate and underestimate these losses
respectively.

Condition Signal losses in % Microbunch Rate
SET 1 SET 2 rej. fact. (kHz)

ETOT>120 MeV − − 1.57± 0.04
MOD>16 MeV 0.2± 0.1 0.2± 0.1 1.01± 0.01

[(NCLx = 2) ∩ (1 ≤NCLy ≤ 3)]∪
∪[(NCLy = 2) ∩ (1 ≤NCLx ≤ 3)] 5.8± 0.7 5.6± 0.7 2.0± 0.1 *

(1 ≤NSHx ≤ 3) ∩ (1 ≤NSHy ≤ 2)∩
∩[(NGPHx ≥ 1) ∪ (NGPHy ≥ 1)]∩ *

∩(NSD7≥ 1) 5.5±0.7 5.0±0.7 2.0±0.1
CH1 − − 1.01± 0.01
CH2 0.3± 0.1 0.1± 0.1 1.57± 0.06
CH3 − − 5.2± 0.3
CH4 0.3± 0.2 0.2± 0.1 3.1± 0.2 *
NE1 1.3±0.3 1.0±0.3 1.21±0.04
NE2 0.5±0.2 0.1±0.1 1.39±0.06
NE3 0.3±0.2 − 1.46±0.06
NE4 0.5±0.2 − 1.28±0.04

“Low rate” option 23± 1 17± 1 290± 20 86± 6
“High rate” option 10.1± 0.8 4.5± 0.6 29± 1 876± 33

Table 9.5. Signal loss and rejection. Each line gives the effect of the individual con-
ditions for microbunches satisfying all other conditions. The last two lines give the
global results obtained applying all conditions (“Low rate” option) or all conditions
except the ones marked with a * in the Rate column (“High rate” option).

When all conditions are applied (“Low rate” option in Table9.5), the expected rate is well below the
maximum that can be accepted by the front-end systems, but with an efficiency that is still unsatisfactory.
Further analysis will be performed in order to improve the discrimination by a reoptimization of the veto
gates used in the trigger and of the pattern recognition algorithms.

A very crude test has been performed by removing from the trigger the conditions based on the photon
counting algorithms and the Charged Particle Vetos inside the Preradiator beam pipe. The results of this test
(“High rate” option in Table9.5) give us confidence that the requirements stated in the introduction can be
met after the optimization planned. Therefore the conditions listed in Table9.5are taken as reference for the
baseline design of L1 trigger. The only addition included in this design is a subdivision of the veto counters

148



into three longitudinal and two azimuthal sections, in order to allow a finer tuning of the position of the veto
gates.

9.3 Trigger Architecture Overview

The organization of the trigger systems and their communication with the front-end systems and the
data acquisition is illustrated schematically in Fig.9.7. The figure shows the currently favored model with
a single level (L1) of trigger before the readout and a software level (L3), assumed to be part of the data
acquisition system.
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Fig. 9.7. Trigger functional scheme. Thick lines represent serial links carrying data
used for trigger formation (red lines) or monitoring (blue lines). The clock system
encodes the trigger decision received by the trigger supervisor over the clock signal
(thin black lines) sent to the front end electronics.

The L1 system will be pipelined and regulated by a clock that is synchronous with the 25-MHz extrac-
tion RF. It is designed to produce a response for every microbunch (“time slot” in the following discussion),
although internal operations can be clocked at multiples of this frequency. The input data consist of coded
charge and time information from Preradiator, Calorimeter, and Photon Veto channels, produced at the mi-
crobunch frequency by digital processing of the outputs of 250-MHz flash ADC’s. This reduction will be
performed in dedicated sections of the front-end modules, together with additional operations on the data
such as computing mean times and sums of a small number of channels, as needed. The output data will be
aligned in time, such that the information from the events of interests in a microbunch fit into a single time
slot.§

The output of the digitizers will be sent, by means of serial links, to collector and routing modules,
that perform different functions on data from more than one digitizer such as summing, applying thresholds,
producing logical OR’s of discriminated signals, or redirecting the input data to outputs grouped according
to the requirements of the subsequent logic processing.

Computation of the functions needed to evaluate the trigger conditions discussed in the simulation
section, will require the development of two different logic modules. One of them will use data from the

§Hits from the particles of one microbunch can populate a time interval larger than 40 ns, but photons fromK0
L decays in the

accepted range of momentum and vertex position produce, in the Preradiator and Calorimeter, signals contained in less than 30 ns.
The window has to be extended for veto channels,but 40 ns is sufficient considering the narrow coincidence widths required to
reduce accidental losses.
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Preradiator and Calorimeter to implement theprojection algorithmand thepattern algorithm. The second
one is a general-purpose board that performs programmable logic combinations, with programmable time
windows, of several serial inputs carrying the time information of logic signals.

The connection between the different stages of L1 will be made by serial links (red lines in Fig.9.7)
capable of carrying 300 Mb/s and of regenerating the 25-MHz clock, so that a direct connection to the clock
system is not required. Data transferred between different stages are generally synchronous with the mi-
crobunch clock, except for the connection between routing boards and collector modules where this would
require an unreasonably large number of serial connections. In this last case several channels will be multi-
plexed over a limited number of links, using zero suppression and sparsification. However, even in this case,
synchronism at the output of every link will be restored, with sufficient buffering provided in order to avoid
data losses or the introduction of dead time.

The operation of the L1 trigger will be coordinated by a trigger supervisor, which performs the tasks
needed for trigger formation, control and distribution, handles dead times and other conditions of error, and
provides monitoring data of the trigger operation. The trigger supervisor does not communicate directly
with the front-end modules, but sends its commands to the clock system, which encodes them over the clock
output.

For monitoring purpose, all modules in the trigger chain can send their output to the data acquisition
through DAQ interface modules, which receive data by the serial L1 interconnection protocol (blue lines in
Fig. 9.7) and interface to the trigger and to the DAQ for readout, with the same protocols used by all front-
end modules. In addition to trigger-associated information, the trigger supervisor also provides, at the end
of each accelerator cycle, summary data such as scaler outputs, which can be read out by the slow control
system.

9.4 L1 Trigger

The scheme of the L1 trigger described in this section has been developed with reference to the trigger
conditions summarized in Table9.5. Evolutions of that scheme may still be expected as a result of the
continuing simulation studies. The components of the trigger, which are only specified at a rather general
level, will make wide use of programmable logic, so that their functionalities can be better specified when
the simulation studies mature. Also, in order to ensure the required flexibility, particular attention has been
given to identifying the interconnections needed and to specify a standard serial communication protocol.

For the following discussion it is convenient to subdivide the trigger components into the following
groups:

1. collector modules;

2. logic modules; and

3. trigger supervisor.

The proposed communication protocols will be discussed first, distinguishing asynchronousand a
asynchronousprotocol.

In the synchronousprotocol, 12-bit packets will be sent over each serial link for every microbunch.
The content of the packet will have different meanings for different connections. For example, the WFD
trigger outputs will code the information from a single detector channel in 6 + 6 bits, corresponding to the
time within the microbunch and to the pulse height, respectively. The module collectors will code a logical
output from the logical OR of several detector channels in 6 + 6 bits, corresponding to the times within the
microbunch of the first and second hit, if any, in time order.

In theasynchronousprotocol, zero-suppression and multiplexing is used to carry data from more than
one channel on the same link. Data packets transmitted from one module to another will contain, in addition
to the zero-suppressed data, a time slot field, identifying the microbunch,¶ and a channel address field, as
shown in Fig.9.8. Because zero suppression and multiplexing introduce variable delays in the transmission,

¶Not to be confused with the fine time information which, when needed, is part of the data field.
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Fig. 9.8. Format of the data packet for zero-suppressed multiplexed L1 communica-
tions.

synchronization is restored at the input of the receiving module by the mechanism illustrated schematically
in Fig. 9.9, where the channel address is used to demultiplex the data from different channels and the time
slot field is compared with the current clock counter to determine the write address in the memories used for
time realignment.

The use of theasynchronousprotocol will be limited as much as possible because it requires buffering to
avoid data loss, and therefore increases the latency. The buffer sizes providing the best compromise between
dead time and latency will be determined on the basis of realistic estimates of the data rates, produced by
the program described in the simulation section, upgraded to reproduce all known sources of data.

Fig. 9.9. Principle of the L1 asynchronous communication protocol. Data are zero-
suppressed and multiplexed in output, demultiplexed and resynchronized in input.

9.4.1 Trigger outputs of the photodetector digitizers (WFD)

Charge and time information for particle hits, at the level of granularity needed by the trigger algo-
rithms, will be provided by special trigger outputs of the front-end modules of the photodetector Wave Form
Digitizers (WFD) described in section8.
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The WFDs sample the input signals with 250- or 500-MHz FADC’s, and the samples are used, after
zero suppression, to compute charge and time hits. Basic processing involving information from a small
number of contiguous detectors will also be performed inside the WFD. The particular type of combination
will be determined by the firmware of a Field Programmable Gate Array (FPGA) controlling the trigger
output stage.

For example, for scintillator strips in the Preradiator, which are read at both ends, the digitizers will
compute the mean time and the sum of the charges from the signals at the two ends. In this case, one module
handles the two PM outputs of nine strips and will produce one serial output for each of the strips. For
the Calorimeter, each digitizer handles an array of6 × 3 Shashlik modules, and will produce 6 sums of 6
channels each according to the scheme illustrated in Fig.9.10. As discussed later, these sums are further
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Fig. 9.10. Channel combinations for the trigger outputs of the Calorimeter digitizers.

combined in the Calorimeter strip collectors to produce a single output for each row (column) of18 × 2
(2× 18) modules matching a Preradiator strip. Finally, for most veto systems a single output corresponding
to a combination of up tp 18 channels will be sufficient.

The result of the digital processing will be assigned to a specific time slot with offsets that will be
programmable, channel by channel, at running time in such a way that the information of interest for kaon
decays in the accepted momentum and vertex range is contained within a single time slot. This expedient
will simplify the design of the trigger logic, which will only need to use information from a single time slot.

9.4.2 Collector Boards

Data from more than one digitizer have to be combined to evaluate the trigger conditions listed in
subsection9.2. The combinations required are

◦ Calorimeter channels in rows or columns matching Preradiator strips (“Calorimeter strips”);

◦ scintillator strips in the two views of one module of the Preradiator or in one quadrant of the Calorime-
ter (“PR-CAL module”);

◦ groups of veto counters used in the trigger with the same time windows (“veto sectors”);

◦ opposing scintillator strips in two adjacent quadrants of the Preradiator or Calorimeter (“superstrips”);
and

◦ superstrips at the same transverse position in the nine planes corresponding to the modules of the
Preradiator and the Calorimeter (“projections”).
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Two types of boards will be developed to perform these functions. The first type, the “routing board”,
will be used in the crates housing the digitizers of the Preradiator so as to collect, via a specially designed
backplane implementing 54 different point-to-point serial connections, the outputs of the nine strips with
the same orientation (“view”) coming from each of six different modules. The routing board will have two
types of serial outputs: 6 view outputs with thesynchronousprotocol which carry the sums of the strips of
one view for each module, and 18 strip outputs with theasynchronousprotocol, each carrying data from
the three strips at the same transverse position in three different modules. A second strip routing board in
the same crate will perform analogous functions for the strips of the two remaining Preradiator modules
and for the Calorimeter strip outputs produced by the Calorimeter strip collectors (described later) sitting in
the same crate. The second type of board, the “collector board”, is based on a single hardware layout that
is designed to perform the functions of a PR-module collector and CAL strip collector or, with the use of
different firmware, of a superstrip collector (see Fig.9.7).

The “module collector” will be used to combine data from modules and veto sectors in which the
channels grouped together have approximately the same timing features. It combines the data from serial
inputs by using thesynchronousprotocol, to produce a global sum and a global OR based on thresholds
applied to the inputs. Each module collector channel can combine up to six inputs. The number of inputs
is chosen so that the board can be used as a Calorimeter strip collector, since one CAL strip is built by
combining six different outputs of Calorimeter digitizers. When used as PR-module collectors, only two
inputs, each corresponding to the sum of the scintillators in one view, will be used.

With different FPGA firmware, the board can be used as a superstrip collector to form superstrip outputs
and projections. In this case, each serial input will carry data from three strips at the same transverse position
in three modules of the Preradiator, by using theasynchronousprotocol. Each group of six inputs can thus
carry the data of all strips at the same transverse position in the nine modules of two adjacent quadrants, as
needed to build a “projection.”

The arrangement of modules in the Preradiator WFD crates and their interconnections with PR-module
collectors and strip collectors are sketched in Fig.9.11. One crate will house the modules needed to process
all strips with a single orientation (X or Y ) in a quadrant. This group includes the WFD modules (one
per PR-module), the strip routing boards (labeled “Rout.” in the figure) and the Calorimeter strip collector
boards (labeled “Coll.” in the figure). Each WFD is connected to the strip routing board with nine separate
point-to-point links, represented as a single thick line in the figure. The strip outputs of the two strip routing
boards of one view of one quadrant are used together with those of the boards serving the same view in
an adjacent quadrant in nine strip-collector-module channels. Instead, the view outputs of the strip routing
boards are combined two by two into eight module collectors‖ to compute the sum of the energies deposited
in each Preradiator module.

The figure only shows the boards of one quadrant (A in the figure) and those of one of the adjacent
quadrants (C in the figure) that are combined with it to make superstrip data.

9.4.3 Logic Modules

In order to implement the trigger conditions discussed in the simulation section, two separate circuits
will be developed. The first one analyzes data from the scintillators of the Preradiator and from the Shash-
lyk modules with two different algorithms for photon counting. The second one will be a general purpose
module that computes any logic function of several inputs.

The pattern board will implement theprojection algorithmand thepattern algorithmdescribed in the
simulation section. The first algorithm utilizes the superstrip charges provided by six strip collectors,
one for each group of 3 strips× 9 modules, computes sums of the superstips at the same transverse
position in different modules (projections), and counts clusters,i.e.groups of adjacent projections that
have a total charge above a threshold (clusters). The horizontal and vertical view will be processed

‖In the case of the Calorimeter, theX-Y sum is not required, because theX andY strips are different combinations of the same
channels
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Fig. 9.11. Collector modules and their connections with Preradiator and Calorimeter
digitizers. The figure shows the components needed to process signals from one of
the quadrants (A, color code blue). For quadrant C only the components processed
together with quadrantA are shown.

separately. The second algorithm, described in the simulation section, uses logical data (‘hits’) from
each superstrip provided again by the strip collectors. In this case, the horizontal and vertical view
will also be processed separately. The circuit will output the number of seeds, the number of “good”
photons, and possibly the results of other logic conditions based on the seed positions, if further
simulation studies prove them to be useful. We will also consider the possibility to output, over a
separate link, data that characterize the photons found (e.g. the position of the seed and the coarse
direction defined by the axis of the cancellation angle,i.e. the angle used to associate the hits to
the seed, and the number of hits within the cancellation cone). We believe that the algorithm can be
implemented in pipeline with high performance FPGA’s and memory lookup tables, but no practical
implementation studies have been performed yet.

The boolean logic boardsare general purpose memory lookup units that compute any logical combination
of ten 0 inputs. The inputs are supposed to be hits characterized by a fine time contained in the data
field of the input packets. Each hit is internally extended backward and forward in time by a time
window, which will be programmable separately for each input, so that the condition programmed in
the lookup table can be evaluated at time intervals smaller than 1 ns to mimic the behavior of analog
coincidence modules.

While the boolean logic board can separate hits at different times within the same time slot, the algo-
rithms currently being studied for photon counting treat all signals within one time slot together and this will
be the initial assumption for the circuits that implement them. However, if further trigger studies indicate
the need to separate signals with different times, the design could be augmented by introducing a first stage
that identifies the hits compatible in time and routes them to two (or more) parallel chains that perform the
operations in parallel for the groups of hits that belong together.
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Fig. 9.12. Use of the logic modules to produce the trigger conditions of Table9.5.

Figure9.12 shows how the modules described could be interconnected to implement the conditions
of Table9.5. The different types of modules are identified by a color code. Data from the Preradiator and
Calorimeter module collectors are processed in boolean logic boards to produce quadrant (A, B, C, D)
OR’s, and these OR’s are combined to produce an event time in the boolean logic module labeledQ .
For the Vetos, signals coming from different module collectors that group signals with the same timing are
ORed together only when they can be used with the same coincidence windows in the final veto coincidence.
This arrangement is shown in the figure by labeling the boolean logic board that performs the OR with the
half-width of the coincidence window. Finally, the combination of the signal from the Calorimeter and the
signals from the veto counters are performed in the boolean logic module labeledQV . It is also assumed in
the figure that the outputs of the two (X andY ) projection boards and the outputs of the two pattern boards
are first processed through a “Cl” and “Pa” boolean logic card, respectively, before being sent together with
the output of theQV board to the trigger supervisor.

9.5 Trigger Supervisor

The trigger supervisor system will coordinate the tasks of trigger formation and control, handle the
communication of the trigger with the front end systems, and will provide tools for monitoring the trigger
operation.

Components of the trigger decision come from different systems. For example, the scheme of Fig.9.12
shows three separate sources which provide results with different delays and with different amounts of
associated information. In addition, there will be other sources of triggers based on pulsers or physical
data such as for calibration systems. The first task of the trigger supervisor is the time realignment and
the combination of data from different sources. In addition, parallel triggers will be formed by combining
in different ways the information computed in the logic modules. Each parallel trigger will be individually
selectable and prescalable. This flexibility will allow events to be collected concurrently from different decay
channels that have different rates, or to relax some of the trigger conditions for studies of efficiencies or for
calibrations.
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To distribute the information necessary to identify a time slot selected by the trigger to the front-end
system, the supervisor system will communicate with the clock system, sending it data to be encoded over
the clock signal. In addition to a time slot identifier, these data may contain further information about the
trigger, which can be used by the front-end systems to tailor the readout format to the trigger type, if needed.
In order to preserve data integrity, the trigger distribution will be halted by the trigger supervisor when
the front-end systems signal conditions of imminent filling of any of several buffers interposed in the data
path. Such a centralized handling of the dead-time conditions allows for a cleaner safeguard against error
conditions.∗∗ Needless to say, the trigger and the front-end systems will be designed in a way to make the
occurrence of these conditions extremely rare.

The trigger supervisor also provides monitoring information on the trigger operation. Two types of
information can be made available. The first is information associated with triggers such as a record of the
individual conditions that enter into forming a trigger, or the status of intermediate registers. The amount
of information transmitted can be selected to allow several “debugging” options. If the information is to be
transfered to the readout directly by the trigger supervisor modules, they would have to be equipped with all
the interfaces used for front-end modules. A solution that we prefer is to develop a special interface module
to the readout system, which could receive data through serial links under the L1 trigger protocol and be
read out through the data acquisition. This procedure would allow the possibility to monitor, when needed,
the behavior of other components of the trigger chain.

The second type of monitoring information is provided by scalers that could be read out at the end
of each AGS cycle by the slow control system. The scalers could either be embedded in the design of the
trigger modules or be commercial modules fed by signals output by the trigger supervisor modules or other
modules in the trigger chain.

9.6 Clock System

The KOPIO clock is designed to synchronize all of the KOPIO front-end electronics at the AGS mi-
crobunching frequency of 25 MHz. The clock will provide the timing reference for all of the waveform
digitizers as well as distribution of the L1 trigger decision to all front-end modules and the DAQ. The clock
system consists of a single Master Clock, and a set of Clock Drivers that distribute the Master Clock signal
to the Clock Receivers in each front-end crate. The Master Clock accepts the AGS microbunching RF signal
and re-phases its own internal 25-MHz clock to that of the AGS RF signal; the Master Clock also receives
the L1 trigger decision from the Trigger Supervisor. The Master Clock output is distributed, via the Clock
Drivers, over optical links to∼55 Clock Receivers in each front-end crate.

∗∗Due to the zero suppression at early stages of the front-end modules, it may be difficult to design a handshake system that has
total immunity to buffer overruns. A full analysis of the possibilities of such errors has not been performed yet. However, the
front-end systems still have the responsibility to record the occurrence of these conditions.
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10 Data Acquisition and High-Level Trigger

10.1 Overview

A full readout of the detector is initiated after a Level 1 (L1) trigger accept.∗ The DAQ system has
been designed to transfer data at a speed that would allow a L1 accept rate of around 1 MHz, allowing the
possibility of running a relatively loose L1 trigger and thereby keeping the trigger acceptance high. A higher-
level trigger (traditionally called Level 3) operates on complete events and performs additional filtering to
reduce the event rate to permanent storage down to a level manageable by the offline analysis; this rate is
currently envisioned at around a few kHz. The higher-level trigger will run selection algorithms similar (if
not identical) to a subset of the offline analysis, thereby ensuring that the additional acceptance loss beyond
the offline analysis would be kept low. A functional block diagram of the DAQ system is shown in Fig.10.1.

EB EB EB EB EB EB EB EB

Gig−E switch Gig−E switch

Gig−E switch

L
3

to trigger

Front−end electronics

....  80 nodes ....

...400
nodes...

control and monitoring DAQ
control

manager
EB

To storage

IB
 sw

itch

Fig. 10.1. Block diagram of the DAQ system. Red: Infiniband (or other multi-gigabit
links). Blue: Gigabit ethernet

The design follows the “classical” distributed, networked readout paradigm, based on commercially
available hardware, in which event fragments are read out through network links and combined into complete
events through a network switch via a farm of Event Builder (EB) PCs. Complete events are sent over the
network to another farm of Level 3 trigger (L3) PCs where they are subject to further filtering before being
written to storage. The L3 farm would also be a natural place to perform detector calibrations on the fly with
access to a larger dataset than would be available later from storage.

The DAQ system consists of 3 main components: event builder, Level 3 trigger, and online software.
These subsystems are described in the following sections.

∗We retain the possibility of performing a partial readout for a Level 2 trigger.
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10.2 Event Builder

The function of the Event Builder is to receive digitized data from the front-end electronics and combine
the event fragments into complete events. It is based on a farm of computers communicating with the front
end through a network switch.

From the Event Builder point of view, the front-end electronics appear as a collection of network links,
each providing (serially) the digitized data from multiple detector channels. Data rates have been estimated
by using the detector hit rates from the full KOPIO GEANT Monte Carlo. The following assumptions were
used:

◦ 32 bits per Preradiator anode wire hit.

◦ 5 Preradiator cathode strips hit for each anode hit. 10 samples per cathode strip hit at 12 bits per
sample.

◦ For the photodetectors, 20 samples per hit at 10 bits per sample.

For the “high rate” Level 1 trigger (1 MHz L1 accept rate), the data rate is estimated to be about 30 GB/s
during the “beam on” part of the spill; this rate includes not only the data from the triggered microbunch but
also from the one preceding and succeeding microbunch.†

We have started investigating Infiniband[1] technology as a potentially cost-effective way to move data
at these rates. Infiniband is an emerging industry standard that is attracting widespread commercial sup-
port and much interest in the HPC (high-performance computing) community. The so-called “4X” standard
specifies uni-directional data transfer rates of 10 Gbit(Gb)/s. We have acquired a small cluster consisting of
six machines with “4X” Infiniband interfaces; four of the machines have a PCI-Express[2] internal bus and
dual 3.2-GHz Xeon processors, and the remaining two have a 64-bit 133-MHz PCI-X bus and dual 1.5-GHz
Itanium2 processors. The six machines are connected through an 8-port Mellanox Infiniband switch. Simple
data transfer tests via UNIX sockets with home-grown software indicated a transfer rate of 0.7 GB/s. This
rate might be expected to improve by perhaps 20-30%. We plan to implement 32 links for the Preradia-
tor wire chamber readout and 22 links for the photodetctor WFD readout, which should provide sufficient
capacity to move data at the requisite 30 GB/s.

The requisite computing power was estimated by scaling up from our experience in E949 where four
200-MHz CPU’s were ample to handle event building at the rate of 30 MB/s. To reach 30 GB/s implies
scaling up the capability by a factor of 1000. We assume that event building speed scales linearly with the
CPU clock speed, and that 10-GHz CPUs will be readily available by the time KOPIO starts taking data;
this enhancement gives a factor of 50. The remaining factor of 20 is obtained by increasing the number of
CPUs from 4 to 80. We currently plan to implement 80 PCs with dual CPUs to give us a factor-of-2 safety
margin.

Fifty-four of the EB computers will be connected to the read-out controllers of the front-end crates
through a 4X optical Infiniband link. The front-end controllers will push their data into buffer memories
residing in the EB computers. Complete events will be built by the 80 EB computers, pulling data from the
buffer memories through a 96-port Infiniband switch. Such switches are already below state-of-the-art today
and are available at less than $1000/port. An EB manager process will run in a single-board computer (SBC),
residing in a VME crate. The EB manager communicates with the EB machines through the Infiniband
switch and can act as a “throttle” to slow down the data flow from the front-end controllers when the EB
farm becomes overloaded. The SBC will send signals to the trigger system via I/O boards residing in the EB
manager crate.

†This data rate was estimated forNK,bunch = 3.57 kaons per microbunch exiting the photon spoiler. In reality, the number of
kaons per microbunch will be 2.14 (Sect.13). It was further assumed that the L1 trigger rate was completely dominated by triggers
designed for two photons converting in the Preradiator. In reality, there will be a non-negligible fraction of triggers designed for
events with one photon each in the Preradiator and the Barrel Veto; such events presumably would contain less data, given the
coarser readout segmentation in the Barrel Veto. There will also be calibration triggers and triggers for other physics modes; the
data size for such events has not been estimated yet.
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Although the baseline design is based on Infiniband, the intention is to keep to a technology-neutral de-
sign as far as possible. Commercial offerings in high-speed networking are evolving rapidly, with advances
expected both in Infiniband as well as in competing technologies such as perhaps 10 Gigabit ethernet. We
intend to keep abreast of the latest developments in the field and commit to a specific technology as late as
possible.

10.3 Level 3 Trigger

The function of the L3 trigger is to receive complete events from the Event Builder, apply additional
event filtering criteria, and send the surviving events to permanent storage. It is based on a farm of computers
communicating with the Event Builder computers through Gigabit ethernet.

10.3.1 Requirements

For a L1 accept rate of 1 MHz and a spill structure of 4.9-s beam on and 2.3-s beam off, L3 will have to
process4.9× 106 events every 7.2 seconds, implying an average processing time per event of 1.4µs. With
a farm of 400 dual-CPU nodes, the average processing time per event per CPU would be 1.1 ms. To get
some idea of the scale, the processing time to find and reconstruct tracks in the ATLAS Transition Radiation
Tracker (TRT) Level 2 trigger has been estimated to be about 4.5 ms on a 2.4-GHz Xeon CPU.[3]. Assuming
that the KOPIO tracking is of similar complexity, and further assuming that 10-GHz CPUs will be available
for KOPIO with a linear scaling of the processing time, the processing time would be brought down to 1.1
ms. Because the track multiplicity in KOPIO will certainly be less than in the ATLAS TRT, and KOPIO
tracking will have no magnetic field, the KOPIO goal for L3 processing time does not seem unreasonable.
On the other hand, the reconstruction of EM showers in the KOPIO Preradiator would be different from the
reconstruction of minimum-ionizing tracks in the ATLAS TRT; thus it remains to be seen whether or not the
L3 processing time can be brought down to reach the KOPIO goal.

Assuming that the L3 output rate can be brought down to 5 kHz, the data rate to storage is estimated to
be around 100 MB/s. For a run of107 s, and assuming a duty cycle of 0.5, the total amount of data per run
would amount to something on the order of 500 TB.

10.3.2 Initial Look at Algorithms

Only been a cursory look has been made so far at Level 3 algorithms to get an initial idea of the type
of cuts that might be effective. It was assumed that the “high-rate” option would be run at L1 (Sec.9). So
far, we have considered only triggers for two photons in the Preradiator. The following cuts were found to
be effective at L3:

◦ Require two or more preradiator tracks to point back to the decay volume.

◦ Compute the invariant mass of all track pairs that point back to the decay volume. Select the pair
closest to theπ0 mass. Require consistency with theπ0 mass within±50 MeV.

◦ Veto extra activity in the Preradiator and Calorimeter (not associated with the two tracks selected
above). Sum over all hits within±1 ns of theKL decay time (correcting for theZ position ofKL

decay). Veto the event if the Preradiator prompt energy> 1 MeV or the Calorimeter prompt energy
> 1 MeV.

The rejection and acceptance of these cuts is shown in Table10.1. The rejection at L3 is about a factor
of 200 (albeit with low statistics), which brings us close to our goal. After the first two L3 cuts, almost all of
the remaining background comes fromKL → π0π0π0 decays. As a result of the vetos from the Barrel and
Upstream Photon Vetoes at L1, the remaining photons from these3π0 decays end up in either the Preradiator
or Calorimeter, leading to the high rejection of the last L3 cut.

The distance (in units of Moliere radii,RM ) between the extra photons in the Preradiator/Calorimeter
for 3π0 events and the “signal” photons is shown in Fig.10.2. There is one entry per event. A loop is made
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Table 10.1. Rejection and acceptance of the Level 3 cuts. Note that the offline photon
vetoes were not applied as part of the setup cuts in this study; such cuts lower the
apparent acceptance of the L1 trigger.

Cut Background Signal
Start 10000 10000
Offline setup cuts for signal 178
E > 16 MeV in PR module 4507 178
L1 vetoes 408 145
≥ 2 tracks pointing to decay volume 91 145
π0 invariant mass 42 145
Preradiator/Calorimeter veto 2 141

over all extra photons that convert in the Preradiator or Calorimeter. The distance between each extra photon
and the two signal photons is computed, and the minimum distance is taken as the separation for that extra
photon. The maximum separation among all the extra photons is then plotted. Given that there is a high
probability for an extra photon to be separated by 5RM or more from the signal photons, there is some
prospect that the extra activity can be identified at Level 3.

Fig. 10.2. Distance at Level 3 (in units of Moliere radii) between the “signal” photons
and the extra photons in the Preradiator/Calorimeter.

10.4 Level 2

Although a Level 2 (L2) trigger is not part of the baseline design, we intend to pursue an R&D program
on L2 in parallel with the development of the L1 and L3 trigger systems and the Event Builder. Should the
Event Builder turn out to be unable to build events at the required rate, a L2 system could reduce the trigger
rate based on a decision made with a partial read-out of the detector. Should the L3 trigger turn out to be
unable to filter events at the required rate, the L2 system could reduce the trigger rate based on a decision
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made with fully built events.
It is understood that the distributed nature of the EB and L3 systems make them amenable to scaling up

their power. Thus a shortfall by a factor of 2-4 in the processing power would probably most easily be made
up by increasing the number of CPUs. On the other hand, a larger shortfall might be more effectively made
up by the introduction of a L2 system. A L2 trigger could also ease the load on the L3 system, allowing
L3 to perform more sophisticated filtering or monitoring algorithms. One possibility would be to have a
software-based L2 trigger running in the EB nodes.

For a hardware-based L2 solution, it would be most natural to place the L2 hardware on the PCI-bus of
the L3 PCs, taking advantage of the power/cooling infrastructure provided by the PC and at the same time
obtaining direct access to the event data stored in memory.‡ PCI cards hosting several high-performance
FPGAs for data manipulation with custom firmware (so-called FPGA computing cards) have started to
become available commercially[4] with sophisticated software tools for rapid firmware development. This
approach has been studied, for example, by the ATLAS and ALICE collaborations.[5]

10.5 Online Software

The online software is the “glue” that holds the DAQ system together. It includes a run controller, a
user interface, an event logger, along with interfaces to the Event Builder, to the L1/L3 trigger systems, to
the slow control system, and to online monitoring/calibration tasks.

Historically, new experiments have tended to write their online software completely from scratch as
opposed to the offline case where general tools such as PAW and ROOT are used worldwide. Adapting prior
online software to a specific experiment has usually been more effort than that needed to write original code.
However, recent trends in software development suggest that borrowing online code may now be a realistic,
practical approach. This approach is made possible by the advent of general DAQ tools in which later
decisions on configuration or hardware can be accommodated transparently.§ Furthermore, the development
efforts for these tools are increasingly organized as “open source” projects with many developers distributed
worldwide, contributing a wide variety of test cases and rapid feedback, leading to a robust code base.

With these considerations in mind, we have started to explore the XDAQ suite of tools[6] that have
been developed in the context of the CMS experiment at the LHC, but are designed to be adaptable to a wide
variety of scenarios. The XDAQ framework for distributed event building and high-level triggering is a good
match to our notions for the KOPIO architecture. With the recent addition of a run control component to
the tool suite, there is the promise of drastically reducing the software development time for the three major
pieces of the KOPIO DAQ system.

10.6 Open Issues and Near-term R&D

For the Event Builder, the outstanding issues include a more detailed estimate of the data rates, incorpo-
rating the latest information on the L1 trigger, readout multiplexing, neutron haloes, and the data generated
by the digitizers for the Preradiator and photodetector systems. The implementation of the XDAQ suite and
measurement of real-time performance of an Infiniband-based event builder are other near-term R&D goals.

For the L3 trigger, the most important point is the development of trigger algorithms and a coherent
picture of the DAQ and all trigger levels. Measurements of the real-time performance (and optimization) of
an “all software” L3 need to be made. This evaluation requires substantial development in the area of offline
software. Tests of L2 with commercial FPGA processors and engineering studies of alternative designs need
to be started.

For the online software, we plan to investigate the XDAQ framework in more detail. Implementation of
the Event Builder on our small test cluster will provide a good test case of the feasibility of borrowing large
portions of online code from other experiments.

‡If there is a bottleneck in the EB capabilities, the L2 hardware would naturally be placed in the EB PCs.
§The long lead times for mounting major experiments such as at the LHC, coupled to the fact that hardware choices for DAQ are
best left as late as possible, naturally lead to the development of such DAQ tools.
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11 Offline Computing

11.1 Overview

Offline Computing in KOPIO encompasses both hardware and software components. Significant com-
puting resources are needed at the experimental site to analyze in real time a portion of the data collected,
to monitor certain aspects of these data, to archive the raw data, and to process it for physics analysis. Sev-
eral software packages also need to be developed, adapted, and integrated into a framework for use by all
collaborators. This framework will make it possible to extract physics results in a timely fashion.

11.2 Offline Compute Farm

The KOPIO Online data acquisition system is designed to acquire events at a few kHz and to store
these data on disk. The Offline compute farm must complement the Online system by providing a platform to
monitor the performance of the detector, to calculate and monitor all calibration constants, and to archive the
raw data. To accomplish these tasks, the farm must be powerful enough to reconstruct a significant portion
of the events acquired,i.e. of the order of 1000 events/s. Full reconstruction algorithms that use simulated
raw data as input do not yet exist, but it is possible to evaluate the CPU power needed by extrapolating the
performance of current-day computers that are used by similar experiments.

For example, the GLAST (Gamma Ray Large Area Space Telescope)[1] detector is similar in concept
to KOPIO. It has been designed for making observations of celestial gamma-ray sources in the energy band
extending from 10 MeV to more than 100 GeV. This instrument consists of a precision tracker, a calorimeter,
and an anticoincidence shield. The launch is anticipated in 2007 so the reconstruction software is already
operational and is being tuned. The typical reconstruction rate for one-gamma events on a typical 2005
commodity Intel CPU is 5 events/s. Another benchmark is the full reconstruction of the E949 events where
the photon veto analysis dominates the CPU time. This time is of the order of 100 ms. Adding twice the
one-gamma reconstruction time to the photon veto analysis, one can safely extrapolate that approximately
1 to 2 KOPIO events could be reconstructed in one second on a 3-GHz Xeon processor. CPU power has
been growing by a factor of two every 18 to 24 months while costs have remained flat. A 2009 vintage CPU
should thus be able to reconstruct somewhere between 5 and 10 KOPIO events/s.

Compute farms can be built out of off-the-shelf white-box computers linked together by Ethernet con-
nections or by “bladeCenter” solutions offered by several vendors such as IBM, HP, Fujitsu,etc. These
blades allow for a more compact footprint and less power consumption to reduce operating costs.

These farms are built around a large network switch connecting several crates of blades with a global
disk array, an archiving tape library, and a few dedicated nodes for user access and management. The blades
consists of dual- or quad-CPU boards. Disk and tape capacities also grow at a fast pace although the cost
of a given amount of disk space remains about three times higher than the equivalent tape media. For that
reason, it is planned to have enough disk space to keep about one year’s worth of data on disk alongside
a tape backup library. The current WBS costs are based on actual January 2005 costs for one rack of IBM
blades (168 CPUs), a 25-TB disk array, and one tape silo housing 600 LTO2 tapes (capacity of 120 TB).
A similar system is operational in Western Canada[2] and is already used for some of the current KOPIO
simulation runs.

The Offline farm will also play an important role in the bulk processing of the data between each acqui-
sition run. In this phase, all events must be fully reconstructed and output generated for the physics analysis
phase. It is expected that the Online processors will be available to participate in this phase as well as signif-
icant resources at collaborator’s institutes. This scheme would quadruple the power of the proposed Offline
compute farm. Currently, the bulk of the simulations are conducted on the TRIUMF Kdecay cluster (40
CPUs) and the shared UBC/TRIUMF Westgrid cluster (1672 CPUs)[2], and at the Arizona State University
local cluster.
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Fig. 11.1. Dataflow of GLEAM, the top-level GLAST package.

11.3 Offline Software

The software for KOPIO has to be designed and developed to last for fifteen to twenty years until final
results are published. It should use modern compilers and share in the use of active HEP packages as much as
possible. At the moment, support is planned only for Linux operating systems. Support for Windows could
be added if enough collaborators request it and personnel to support both operating systems are available.

11.3.1 Software Framework and Components

Several elements are needed to put together a comprehensive and efficient software environment. First,
one must develop a software framework that ties together the various components. This task is a huge one,
so we have investigated frameworks already in use by other HEP groups. At present, we intend to adapt as a
starting point the GLAST framework[3] based on GAUDI[4], a software package developed by the CERN
LHCB group and adopted by the GLAST collaboration. Figure11.1shows an overview of GLEAM, the
GLast Event Analysis Machine.
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Some of the software tools that will need substantial customization by a dedicated computer profes-
sional include the following:

Detector description language.A scheme must be developed to describe all of the detector dimensions
and parameters that can be used as a common input for simulations, event reconstruction, analysis,
and web applications. The candidate of choice at the moment is the XML language.

Data format. A data format and related input/output libraries must be chosen to efficiently store and retrieve
the event-by-event information produced by the detector. This software becomes the interface between
Online and Offline software.

Data management system.With the large amount of data expected, and in order to incorporate seamlessly
diverse computing resources on-site and remotely, we need to implement a modern data management
scheme, probably grid-based.

Calibration databases. Databases will be used to store several categories of information related to the
detector: calibration results, conditions of runs,etc.Having only one database system that could be
used for all needs of the collaboration would be desirable. User-friendly, web-based interfaces will be
developed.

Documentation. A significant effort is necessary to document all aspects of the software components from
simple recipes for collaborators wanting to visualize events and histograms to full algorithm descrip-
tions needed by the code developers. All documentation should be accessible on the web. For doc-
umenting the source code and algorithms, we will use Doxygen. All code will be included in CVS
repositories and will be visible through a CVS-web application.

Software workshops for collaborators must be held periodically. These meetings are essential to help
everyone be educated in efficiently using the tools provided, and to ensure that we have a common approach
to software development.

11.3.2 Simulations

The KOPIO collaboration has been using various simulations programs from the conception of the
experiment. Special Monte Carlo codes have been used to study beam characteristics (see Section4 and
Section5, while several variants of GEANT3 and FLUKA have been used to determine the parameters of
the main detector components in Section 6. The most important studies have been the signal and background
estimates reported in Section13. A ‘fast’ Monte Carlo simulation (FastMC) technique13.1 is being used
for the most important studies of signal and background estimates. The next step is to develop a full Monte
Carlo based on GEANT4 with the current detector geometry. This work is just beginning. In parallel, an
effort to parameterize the detector responses has started to provide input for digitization algorithms.

11.3.3 Event Reconstruction

Event reconstruction is a central software component. The input consists of raw data events collected
by the Online system or simulated by Geant4. After decoding the raw data and accessing the databases for
calibration information, it prepares hit lists to pass to the photon tracking algorithms and the veto counters
analysis routines. ROOT trees (ntuples)[5] are filled and output to files for further analysis. Some event
rejection based on loose criteria can be implemented at this stage. Event visualization is also an important
component of this software component.

The problem of reconstructing the showers produced by photons in a multi-layer converter/tracker such
as the Preradiator has been the subject of considerable study and effort in connection with a series of such
trackers that have been launched into orbit since the 1970’s to detect photons of extra-terrestrial origin. The
current state of the art is embodied in the set of three competing tracking algorithms that have been developed
for GLAST[6]. Only one of these algorithms currently performs sufficiently well for use by GLAST. KOPIO
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is beginning to study this body of work to learn what elements might be adapted and incorporated. Of
course the requirements for KOPIO differ significantly from those for satellite observatories. For example,
the photon energy range is smaller by orders of magnitude (but included in the satellite range). However, the
limits on inefficiency for distinguishing an additional photon in the vicinity of a shower of interest are much
more severe. Furthermore, the characteristics of the GLAST tracking elements (silicon strip detectors) are
quite different from those of the cathode-strip drift chambers of KOPIO. Current efforts by others to apply
the GLAST shower reconstruction to data from the now-defunct satellite EGRET[7] are motivated by the
improved performance that is expected from the advances in the algorithm that have been made in the
past decade. Some symbiosis is likely because this tracker is based on spark chambers that bear a closer
resemblance to our Preradiator. Nevertheless, it is clear that a substantial effort will be required to develop
the shower reconstruction algorithm needed for KOPIO. The comprehensive diagnostic and display tools
developed by GLAST to expedite this task will greatly assist this effort.
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12 Conventional Systems and Integration

Systems integration will provide four important functions for integrating the detector subsystems into
a unified experiment. The KOPIO system integration will include subsystem installation, subsystem inte-
gration, conventional utilities, and testing and commissioning of the neutral beam and the detectors. These
functions are common in large experiments and do not represent a technical challenge. A brief description
of these function for KOPIO will be given below.

12.1 Installation and Integration

Subsystem integration will be a dominant task for systems integration early in the construction phase
of KOPIO. The detector subsystems provide an almost hermetic detector surrounding the neutral beam. The
potential interference between detector systems or their support utilities and structures must be examined
carefully to avoid problems. CAD solid modeling will be used to define geometries in an unambiguous
manner. The solid models will be used to examine service and assembly scenarios for the detectors in the
experimental area.

Figures12.1to 12.11illustrate the overall assembly of the detector systems. A pit (Fig.12.1) will be
located below the main floor of the laboratory building to provide space for some of the large components
and access to them. The D3 sweeping magnet (see Sec.5.2.2) is placed at the first opening of the pit as shown
in Fig. 12.2. The six layers of log modules, illustrated in Fig.12.3, are assembled into the Upstream Veto
Wall (see Sec.6c.3.3and Fig.6c.15) which is located just beyond the regions of the D3 magnet. The Barrel
Veto Detector is composed of sections of rings as shown in Fig.12.4, which are then moved together. The
Preradiator and Calorimeter are shown separated and joined together in Figs.12.5and12.6. The locations
of these detector components above the pit are shown in Figs.12.7and12.8, respectively. Next, after the
D4 sweeping magnet with its Magnet Photon Veto system (see Sec.6c.3.3), comes the tank assembly which
houses the Downstream Charged Particle Veto (Sec.6d.6.2), and Downstream Photon Veto (Sec.6c.3.3),
and Catcher (Sec.6e) systems. Solid-model drawings of the subassemblies and the full tank assembly are
shown in Figs.12.9and12.10. The full detector is illustrated in Fig.12.11.

The installation of detector subsystems into the experimental area will be part of the services provided
by systems integration. The activities to support detector installation are substantially different from detector
assembly and are managed by systems integration. Such activities will include items such as the survey of
the area for the experimental equipment, installing the support structures, installing electronics racks,etc.
Installation of detector components will accommodate the restrictions of the overhead crane, limited working
space in the experimental area, and changes in detector subsystem schedules. The installation of all utilities
and specialized access platforms will be included in this effort.

12.2 Conventional Utilities

Conventional utilities will be engineered, designed, and procured to meet the requirements of the de-
tector systems. Mechanical systems will include chilled water for heat removal from electronics racks, and
air conditioning for stable air temperature and humidity control. Electrical systems will be designed for
low-noise AC power distribution for electronics (clean power) and “dirty” power for support functions such
as motors and compressors. Uninterrupted power supplies will be provided where controlled shutdown is
required on the loss of AC power. Ground fault monitoring will be provided for the clean power distribution
to detect any ground loops that might be inadvertently created.

12.3 Protection and Safety

Equipment protection will be provided by a system of global interlocks and alarms. The detector sys-
tems will be reviewed by the C-A Department Experimental Safety Committee. An approved system of
smoke, heat, and water-leak detectors will be distributed throughout the experiment to protect equipment
from damage due to fire or water leaks. The system will provide alarms and, when appropriate, interlock off
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the power or water to an affected area to reduce the potential for equipment damage. The operation, mainte-
nance, and certification of the equipment protection system will be the responsibility of the C-A Department.
The interlock and alarm system will be similar in design to those in operation for the STAR experiment at
RHIC. The C-A Department will provide any systems necessary for personnel protection.

The availability of neutral beam and commissioning is expected to start in FY2009. The initial com-
missioning effort will focus on verifying the primary beam design, proton targeting, and the neutral beam
design. Prototype detectors will be used to measure the characteristics of the neutral beam with measure-
ments of theK0

L production, neutron beam, and halo rates. The magnet vacuum tank with installed photon
vetos is expected to be available for these measurements as well as a 10×10 Calorimeter array, a Preradiator
quadrant, and the Catcher and Guard Counters. Tests will be conducted on the wave-form digitizer, trigger,
and DAQ designs. If the 25-Mhz cavity is available, the first measurements of the microbunch width and
interbunch extinction will be conducted. In FY2010, a substantial portion of the detector system will be
available for beam tests. The beam tests will shift from characterizing the neutral beam to characterizing the
detector, trigger, and DAQ performance.
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Fig. 12.1. The pit for the KOPIO detector.

Fig. 12.2. The pit with the D3 magnet
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Fig. 12.3. The Upstream Photon Veto assembly.

Fig. 12.4. The Barrel Photon Veto assembly.
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Fig. 12.5. The Preradiator and Calorimeter components.

Fig. 12.6. The Preradiator and Calorimeter joined together.

171



Fig. 12.7. The KOPIO assembly through the Barrel Veto.

Fig. 12.8. The KOPIO assembly through the Preradiator/Calorimeter.
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Fig. 12.9. The downstream tank assembly.

Fig. 12.10. The downstream tank components joined together.
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Fig. 12.11. The assembled KOPIO detector.
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13 Signal and Background Estimates

A measurement ofK0
L → π0νν̄ requires suppression of backgrounds by a factor of1011 or more. In or-

der to reach a sensitivity at the level of the Standard Model (SM) with a precision of 10% on the measurement
of the branching ratioB(K0

L → π0νν̄), KOPIO employs both kinematic constraints and charged-particle or
photon vetoing to suppress the backgrounds. The techniques and assumptions used to make reliable esti-
mates as well as the methods of signal detection and background suppression are described in this section.

The organization of this section is as follows. Section13.1describes the simulation tools used to make
these estimates. Sections13.2and13.3describe the assumptions concerning theK0

L flux, the veto ineffi-
ciency, and the resolution. The signal detection methods are described in Sec.13.4, and the background
mechanisms and expected rates are described in Sects.13.5–13.8.3. Signal losses aside from analysis cuts
are described in Sec.13.9.

13.1 Tools

The signal and background estimates in this section are currently based primarily on a ‘fast’ Monte
Carlo simulation (FastMC) that uses parameterization of the detection response and event weighting. These
calculations are supplemented by a GEANT3.21-based simulation to assess potential signal loss due to
trigger and reconstruction algorithms, and vetoing due to accidentals.

The FastMC approximates the KOPIO detector with a simplified geometry consisting of rectangular
parallelpipeds with no magnetic fields. TheK0

L are generated from the production target in accordance with
the expected time structure of the incident proton beam (Sec.4) and target dimensions. The angular and
momentum dependence of theK0

L beam are taken from extrapolation of measurements from proton-nucleus
reactions at 14.6 GeV/c (Sec.5). All known K0

L, π±, π0, andµ± decay modes and their matrix elements
with branching fractions from Ref.[1], as well as all decays in flight, are included in the simulation.

The impact position, angle, energy, and time of photon trajectories which project to the photon detectors
are ‘smeared’ according to the expected resolution of the Preradiator (PR), Calorimeter (CAL), External
Photon Veto (EPV), and Barrel Veto (BV) system as described in Section13.3.3.

Two sequential kinematic fits are attempted for each pair of signal candidate photons. The first fit does
not impose theπ0 mass constraint, and the second fit imposes the mass constraint. Additional constraints
placed on both fits include a common vertex in space and time as well as a vertex located within the vertical
beam envelope. The vertex of the second fit is used to construct aK0

L candidate, assuming production from
the target center at the central time of the microbunch. Physically valid (β(K0

L) < 1) candidates are accepted
for further scrutiny. Physically invalid solutions can result from backgrounds due toK0

L from outside the
microbunch and from non-K0

L sources ofπ0 candidates as discussed in Sections13.5and13.8.6.

13.2 Flux Assumptions

The total usefulK0
L flux is determined as follows. We expectNK,prod = 6.64×108 K0

Ls for100×1012

protons per spill on a 10.6cm Pt target into 360µsr centered at 42.5◦ (Sec.5), as obtained from a thin-
target approximation. Taking into account the effects of target length and secondary production, the flux is
reduced by a factor ofatgt = 0.75. The photon spoiler (Sec.5) reduces the flux by an additional factor of
aspoil = 0.527. Combining all these factors gives

NK,prod × atgt × aspoil = NK,exit (7)

6.64× 108 × 0.75× 0.527 = 2.625× 108 (8)

K0
L exiting the spoiler per spill. The relative uncertainty on theK0

L flux is estimated to be±20% by taking
into account uncertainties in the production and attenuation of theK0

L beam.
The length of the spill is set to maximize the sensitivity while taking all sources of rate-dependent vetos

into account (Sec.13.9). Sources of rate-dependent vetos areK0
L decays in the same and neighboring mi-

crobunches, stopped muons, and neutrons. In addition, there are two significant rate-independent losses. The
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first is the “self-veto” loss and is due to loss of signal when part of the shower from a signal photon deposits
enough energy far from the main shower to veto the candidate. The second is due to photon absorption in
the decay vessel or beam pipe. The signal survival rate isSself = 0.88 for “self-veto” andSabs = 0.86 for
photon absorption. When all of these factors are taken into account, a survival factor ofStot = 0.383 is
expected with a spill length oftspill = 4.90 s (Fig. 13.1), where we also assume atinter =2.3-s interspill
(Sec.4). Combining these factors yields

(NK,exit × Stot)/(tspill + tinter) = NK,useful (9)

(2.625× 108 × 0.383)/(4.90 s + 2.3 s) = 1.40× 107 (10)

“useful” K0
Ls exiting the spoiler per calendar second. This rate corresponds to a total of0.60× 1015 useful

K0
Ls exiting the spoiler for a 12,000-hour run. At the optimum spill length, the number ofK0

Ls exiting the
spoiler per microbunch for af = 25 MHz microbunch frequency is

NK,exit/(tspill × f) = NK,bunch (11)

2.625× 108/(4.90 s× 25× 106 s−1) = 2.14 . (12)

Fig. 13.1. The relative KOPIO sensitivity as a function of spill length. The optimum
spill length is 4.90 seconds; however, spill lengths from∼3.5 to∼7 seconds would
entail a loss of only∼5% in sensitivity.

13.3 Veto Inefficiency and Resolution

Highly efficient photon and charged particle vetoing as well as good angular, position, time, and energy
resolution are essential to the successful observation and measurement ofK0

L → π0νν̄. The assumptions
about the veto inefficiencies and detector resolutions used to estimate the signal and background are based
on measurements and supplemented with results from simulation. Details of the photon veto efficiencies
assumed in the current estimates are given in Section6f.
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13.3.1 Photon Veto Inefficiency

Photon vetoing (PV) is accomplished with two types of detectors in KOPIO. Lead-scintillator ‘sandwich’-
style detectors occupy the regions outside the beam (Section6c). A novel ’beam Catcher’ based on obser-
vation of Cherenkov radiation produced bye+e− pairs from photons converting in lead and radiating in
aerogel is used within the beam envelope. The Catcher design minimizes sensitivity to neutrons while main-
taining high veto efficiency for photons. A lead-lucite sandwich-style detector, dubbed the ’Guard Counter’,
occupies the near-beam region (Section6e). The photon veto efficiency for the Catcher used in the FastMC
is parameterized as a function of photon energy. The photon veto efficiency for the Catcher is based on
prototype measurements and simulations as described in Sec.6eand shown in Fig.13.2.

Fig. 13.2. The dashed line represents the parameterized photon veto efficiency for the
beam Catcher. The points are taken from simulation and the solid line is drawn to guide
the eye. “Threshold = 4pe, 2pe” refers to the photon identification procedure described
in Sec.6e.

The photon veto inefficiency of the lead-scintillator ‘sandwich’-style detector is based on measurements
supplemented by simulation as described in Sec.6f. In the FastMC, the photon veto inefficiency is parame-
terized as a function of incident photon angle and energy and is shown in Figs.6f.6 and6f.7. The geometry
of the photon Barrel Veto detector is approximated in the FastMC as a cylinder with a radius equal to the
inner radius of the Barrel Veto and ends coincident with the Upstream Veto and Preradiator. The lead and
scintillator sheets of the photon veto are assumed to be parallel to the ends of the cylinders. For photons that
strike the Barrel Veto, the lead and scintillator sheets are assumed to be parallel to the tangent to the cylinder
at the point of photon impact. The incident angle is defined as the angle with respect to normal incidence on
the lead and scintillator sheets.

To calculate the veto inefficiency for a given photon, the photon trajectory is projected to the cylinder
described in the previous paragraph. Photon trajectories that would exit the detector through the hole for
the incoming beam are assumed to escape detection. Photon trajectories that would strike the catcher/guard
counter are given an energy-dependent photon veto inefficiency as shown in Fig.13.2. Remaining photons
are assigned an energy- and angle-dependent photon veto inefficiency. Implicit in the assumption of an
assigned photon veto inefficiency is the hermiticity of the photon veto detectors.
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13.3.2 Charged Particle Veto Inefficiency

The Charged Particle Veto (CPV) detectors in KOPIO and the fundamental limits to charged particle
detection are described in Sec.6d. The primary means of detection is scintillation light produced by the
traversal of the charged particle. As described in Sec.6d, in cases where the incident particle interacts
before producing sufficient scintillation light for detection, the particles produced in the interaction may be
detectable by the CPV or PV detectors. Thus it is appropriate to assume the performance of the combined
CPV/PV system when evaluating the charged particle veto inefficiency.

Figures13.3and13.4shows the charged particle veto inefficiency as a function of incident momentum
as assumed in the FastMC. Additional possible sources of charged particle detection inefficiency are dis-
cussed in Section6d, and the effects of such sources on specific backgrounds are discussed in Sects.13.6.2
and13.6.3.

Fig. 13.3. The charged pion veto inefficiency as a function of the pion momentum.
The charged pion inefficiencies are taken from fits to PSI measurements (Sec.6d) and
extrapolated for a dead material thickness of 6.7 mg/cm2 and a 50-keV energy thresh-
old. Component 1(2) corresponds to the effect of dead material (threshold). The “NaI
veto” in the legend corresponds to measurements made with a NaI detector behind the
CPV to take into account the effect of the PV in KOPIO.

As described in Sec.13.1, decay-in-flight is taken into account in the FastMC, although the effects of
fringe magnetic fields in the decay region from the D3 and D4 magnets (Sec.5) are neglected. The effects
of D4 on charged particles that exit the decay region via the downstream beam pipe are approximated by
truncating the flight path of charged particles 200 cm from the downstream end of the decay region.
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Fig. 13.4. The charged lepton veto inefficiencies as a function of momentum. The
momentum-dependence of the positron inefficiency is an approximation to annihila-
tion cross-section. The discontinuity in the curves corresponds to the assumption that
the inefficiency is reduced by up to×0.01 due to detection by PV behind all CPV
elements for kinetic energy above 10 MeV.

13.3.3 Detector Resolutions

The relevant detection resolutions for the different detection methods are listed in Table13.1and are
based on results given in Sects.6aand6b, and in Table6c.2. The angular resolution is taken from simulations
described in Sec.6aand shown in Fig.6a.1.

Table 13.1. The assumed detector resolutions (σ of a Gaussian) used for estimates
of signal and background yields by the FastMC simulation. All energies are in GeV.
PR/(CAL&EPV) corresponds to the primary detection method where both photons
convert in the PR and the energy is accumulated in the PR, CAL and EPV (Sections6a
and6b). CAL corresponds to the detection method that requires a single photon con-
version in the PR and the other photon conversion in the CAL (Sec.6b). BV corre-
sponds to the detection method that requires a single photon conversion in the PR and
the other photon conversion in the BV (Sec.6c.2). Detection methods are described in
Sec.13.4.

Detector Energy Time Transverse Position Longitudinal position
System Resolution (%) Resolution (ns) Resolution (cm) Resolution (cm)
PR/(CAL&EPV) 2.7%/

√
E 0.2 0.02 —

CAL 2.7%/
√
E 0.09/

√
E 3.17 1.5

BV 4.0%/
√
E 0.09/

√
E 6.34 1.5
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13.4 Detection Methods

The primary signal detection method (PR/CAL) involves both photons converting in the PR with the
energy accumulated in the PR and CAL and has the best overall position, angle, and energy resolution.
The second method (2γPR/CAL&EPV) also requires that both photons convert in the PR with the energy
accumulated in the PR, CAL and EPV and is expected to have comparable position and angular resolution
and slightly degraded energy resolution. This method is referred to as2γPR in the following.

The next three methods only require a single photon conversion in the PR with the other photon con-
verted in the CAL, EPV, or BV and are labeled PR/CAL, PR/EPV, and PR/BV, respectively. In practice the
anticipated signal yield from PR/EPV combinations is very small and is neglected in the evaluation of the
total possible signal yield. The methods PR/CAL and PR/BV are referred to collectively as1γPR.

Taken together, these methods result in twice the number of signal events compared to using 2γPR
events alone. However, the1γPR events have a lower signal-to-background ratio due to poorer resolution.

13.5 Background Mechanisms

Five potential background mechanisms were identified and studied. Three are distinguished by the
production time ofK0

L relative to the center of the microbunch. The other two mechanisms are related
to mis-identification of accidental activity in the detector as photon activity, or merging of nearby photon
showers. The expected rates of these backgrounds will be discussed in detail in the following sections. A
brief description of each mechanism is given here.

Microbunch timing of the neutral beam is defined with respect to the time that the center of the proton
beam crosses the midpoint of the production target. This time is taken ast = 0 ns. TheK0

L produced at this
time are referred to as “in-bunch” and are by far the largest component of the background. The “in-bunch”
background is described in detail in the next Section.

TheK0
L produced in the previous microbunch att = −40 ns are a potential source of “wrap-around”

background. This background occurs when a slowK0
L produced att = −40 ns is reconstructed and mistak-

enly assumed to be from the microbunch att = 0 ns. The third mechanism is due toK0
L production during

the 40-ns interval between “in-bunch” production. This process is referred to as “interbunch” background.
Wrap-around and interbunch backgrounds arise because the assumed production time assigned to a

K0
L candidate can be incorrect. KOPIO’s time-of-flight technique would thus calculate an incorrect velocity

for the candidate. If the calculated velocity is physically valid (0 < β(K0
L) < 1), then both the quantities

calculated in theK0
L rest frame and the missing energy will be incorrect and the kinematic background sup-

pression (discussed in Sec.13.6) will be reduced. As discussed in the next Section, wrap-around background
is small (< 10%) compared to the in-bunch background and interbunch backgrounds are negligible.

Another background mechanism comes from additional activity in the photon detectors due to stopped
muon decays or neutron-induced showers that are mistakenly identified as a photon-induced shower. The
rate of these backgrounds was estimated by including the properties of such showers, as determined from the
GEANT3 simulation, in the FastMC. Backgrounds due to this mechanism can be suppressed to a negligible
level by requirements on timing, shower energy, and theχ2 of the two-photon fit. The final background
mechanism is due to incorrect reconstruction of two-photon showers as a single shower and is discussed in
more detail below.

13.6 Backgrounds due toK0
L Decays

The main source of background toK0
L → π0νν̄ is due to otherK0

L decays. The branching fractions
of all K0

L decays are listed in Table13.2. Backgrounds from other sources can be suppressed to negligible
rates. In this section, the mechanism for eachK0

L decay mode that contributes to the background will be
described as well as the means available to KOPIO to suppress each background. The section concludes
with quantitative estimates of the signal and background yields for selection criteria of decreasing severity.
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Table 13.2. The name, final state, branching fraction[1] and branching fraction relative
to signal forK0

L decay modes assuming the standard model rate for signal.

Name Final state Branching fractionB/B(K0
L → π0νν)

Kpnn π0νν̄ 0.3000× 10−10 1.000
Kp2 π0π0 0.9320× 10−3 0.31× 108

Kcp2 π+π− 0.2090× 10−2 0.70× 108

Kgg γγ 0.5900× 10−3 0.20× 108

Kp3 π0π0π0 0.2105 0.70× 1010

Kcp3 π+π−π0 0.1259 0.42× 1010

Ke3 π±e∓ν 0.3881 0.13× 1011

Km3 π±µ∓ν 0.2719 0.91× 1010

Ke3g π±e∓νγ 0.3530× 10−2 0.12× 109

Km3g π±µ∓νγ 0.5700× 10−3 0.19× 108

Kpgg π0γγ 0.1410× 10−5 0.47× 105

Ke4 π0π±e∓ν 0.5180× 10−4 0.17× 107

Km4 π0π±µ∓ν 0.1400× 10−4 0.47× 106

Ke2g e+e−γ 0.1000× 10−4 0.33× 106

Km2g µ+µ−γ 0.3590× 10−6 0.12× 105

13.6.1 K0
L → π0π0 Background

The largest single source of background is due toK0
L → π0π0 (Kπ2), branching fraction(9.32 ±

0.12) × 10−4, when two of the photons are undetected and the detected photons mimic the kinematics of
K0
L → π0νν̄.

KOPIO suppresses theK0
L → π0π0 background with the Photon Veto and with kinematics. Background

from K0
L → π0π0 manifests itself as “Kπ2-even” and “Kπ2-odd” when the reconstructedπ0 candidate

contains photons from the same or differentπ0, respectively. TheKπ2-even background is characterized
by a monochromatic peak inT ∗π0 equal to the kinetic energy of theπ0 in theK0

L rest frame (Fig.13.5)
and a reconstructed two-photon massMγγ centered on theπ0 mass (Fig.13.6). In contrast, theKπ2-odd
background is characterized by a two-photon mass distribution that is relatively constant in the region of the
π0 mass (Fig.13.6) and aT ∗π0 spectrum that decreases asT ∗π0 increases (Fig.13.5). These characteristics
can be used to distinguish theKπ2 background from theK0

L → π0νν̄ signal spectrum which increases
monotonically with increasingT ∗π0 (Fig. 13.5) and has a reconstructed two-photon mass centered on theπ0

mass.
TheKπ2 background can be further suppressed by application of the Photon Veto on the two non-

candidate photons. From the energy dependence of the Photon Veto inefficiency (Fig.13.2), it is clear that
the maximumKπ2 suppression is possible for higher photon energies. The reconstructed kinematics of the
K0
L andπ0 candidates permits the measurement of the missing energyEmiss of theK0

L, which should be
equal to sum of the energy of the two non-candidate photons. Thus candidate events with highEmiss have,
on average, lower photon veto inefficiency. The effect of the suppression of theKπ2 background by the
Photon Veto is seen by contrasting the spectra in Figs.13.7and13.8.

TheKπ2 background can be exacerbated if photons hide in the showers of other detected photons,
but we expect that the consequent inefficiency to be small based on the following discussion as well as on
simulations of shower overlaps in the FastMC. These overlapping photons occur less than a few percent of
the time inK0

L → π0π0 events for distances between the two photons at the Calorimeter of less than 50 cm
(about 8 Molìere radii). For separation distances≤ 20 cm, the probability is< 1% forK0

L → π0π0 decays.
When the distance between two photons is between 20 and 50 cm, we identify the overlapping photons by
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Fig. 13.5. The reconstructed kinetic energy distributions of theπ0 in theK0
L rest frame

for signal and backgrounds. The dashed (dotted) lines in the histograms show the spec-
trum for “even” and “odd” combinations.
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Fig. 13.6. The reconstructed two photon mass spectrum for signal and backgrounds.
The dashed (dotted) lines in the histograms show the spectrum for “even” and “odd”
combinations.
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Fig. 13.7. TheT ∗π0
2 vs ln(Emiss(MeV)) distributions for signal and backgrounds.
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Fig. 13.8. TheT ∗π0
2 vs ln(Emiss(MeV)) distribution forKπ2 background (top,left),

Kcp3 background (top,right) and signal (bottom) weighted by the photon veto ineffi-
ciency.
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comparing the shower center of gravity in the Calorimeter (position resolutionσ ∼ 3 cm) to the expected
position from the Preradiator. With an estimated inefficiency of10−3 for the center-of-gravity method, and
including the probability of the conversion of the extra photon in the Preradiator, the inefficiency due to
overlapping photons is10−5. When the separation is less than 20 cm and the overlapping photons merge,
the invariant mass of the photons becomes much larger than theπ0 mass, and the missing energy and mass
are small. The inefficiency of this invariant mass cut is limited by the photonuclear reaction probability (a
few times10−3) of the overlapped photon. Again, taking into account the photon non-conversion probability,
the photon detection inefficiency due to overlap in the region of separation< 20 cm is also estimated to be
10−5. We have also found that the loss of acceptance due to cuts aimed at eliminating overlapping photons
is only a few percent.

13.6.2 K0
L → π0π+π− Background

The three-body decayK0
L → π0π+π− (Kcp3) is a potential source of background if the two charged

pions escape detection and the kinetic energy of theπ0 in theK0
L rest frame is near the kinematic limit of 54

MeV. The reconstructedT ∗π0 spectrum for Kcp3 is contrasted with signal in Fig.13.5and shows that Kcp3
background can be kinematically suppressed by excluding lowT ∗π0 .

Additional suppression can be achieved by detection of the two charged pions. As for photons, the
veto inefficiency for charged pions decreases as the pion energy increases as shown in Fig.13.3, thus a
requirement of largeEmiss reduces the overall charged particle veto inefficiency as demonstrated in Fig.13.8.

TheK0
L decay modes with charged particles in the final state can be difficult to reject if the charged

particles are slow and/or decay in flight. Such events can be kinematically suppressed with a requirement
onM2

ν whereM2
ν ≡ (P (K0

L)− P (π0)− P (π))2 with the assumption thatP (π) = M(π). This variable is
effective in suppressing backgrounds with slow charged particles and was originally conceived to suppress
K0
L → π−e+νγ background (as described in Sec.13.6.3) when one photon frome+ annihilation is paired

with the radiative photon to produce theπ0 candidate and theπ− is slow. Note thatM2
ν = M2

K+M2
π0+M2

π−
2MKE

∗
π0 − 2MπEmiss whereE∗

π0 = T ∗π0 +Mπ0 , so a cut onM2
ν is a straight line [curve] in theE∗

π0 , Emiss

[T ∗2, ln(Emiss)] plane. The effect of slow charged particles can be seen in Fig.13.9which shows the∆ vs.
M2
ν distributions for the Kcp3, Ke3g, and Ke4 backgrounds, where∆ ≡ thit− tK0

L
−|~xhit−~xK0

L
|/c. In this

expression,thit and~xhit are the time and position of the veto hit, andtK0
L

and~xK0
L

are the reconstructed time

and position of theK0
L decay. With no bias intK0

L
and~xK0

L
, the∆ distribution is expected to be symmetric

about zero for photons and have a tail at positive∆ due to slow charged tracks and decay-in-flight. As shown
in Fig. 13.9, a requirement ofM2

ν < −30000 (MeV/c2)2 suppresses candidates with slow charged tracks
and permits a reasonable veto timing window to be set.

13.6.3 K0
L → π±e∓νγ Background

Radiative decaysK0
L → π±e∓νγ (Ke3g) can be a source of background for the final stateK0

L →
π−e+νγ when the positron annihilates before detection and an annihilation photon is paired with the radia-
tive photon to form aπ0 candidate as sketched in Fig.13.10. The positron and radiative photon (γ2) have a
small opening angle and, to a good approximation in thee+e− → γ0γ1 annihilation process,p(γ1) ≈ p(e+)
andp(γ0) ≈ p(e−), so that theγ1, γ2 mass spectrum is peaked at low mass for this background (Fig.13.6).
In addition, the reconstructedT ∗π0 is also peaked at low values (Fig.13.7).

13.6.4 K0
L → π0π±e∓ν Background

The decayK0
L → π0π±e∓ν (Ke4) is a potential background when both the charged pion ande± have

low energies. It can be suppressed kinematically by rejecting events with lowT ∗π0 and can be suppressed by
the Charged Particle Veto.
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Fig. 13.9. The∆ vs.M2
ν distributions of Ke3g, Kcp3, and Ke4 before setup cuts. The

vertical dashed line shows the setup cut that suppresses background with slow tracks
and/or decay-in-flight.
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Fig. 13.10. Cartoon showing the mechanism forK0
L → π−e+νγ background. The

positron annihilates before detection in the CPV that lines the vacuum vessel and pro-
ducesγ0 andγ1. The neutral pion candidate is formed from the radiative photonγ2

and one of the annihilations photonsγ1 whilst γ0 is undetected. The negative pion
fromK0

L decay must also escape detection for this decay to form a background.

13.6.5 K0
L → γγ, K0

L → π0π0π0, and K0
L → π0γγ Backgrounds

TheK0
L → γγ decay is very tightly constrained by kinematics. Cuts on the invariant mass and the total

energy of the two photons in theK0
L rest frame brings this process under control. A negligible contribution

from this background source is expected.
Despite the large branching fraction of 21%,K0

L → π0π0π0 is not a significant background due to the
veto possibilities for the high multiplicity of additional photons in the decay. Some kinematic suppression
is also available for both the Kp3-even and Kp3-odd components as shown in Fig.13.7where “even” and
“odd” denote candidates formed from photons from the same and different neutral pions, respectively. A
negligible contribution from this background source is expected.

Although the kinematics of theπ0 in K0
L → π0γγ decays are similar to that inK0

L → π0νν̄ decays,
the rate ofK0

L → π0γγ is only 5 × 104 times that of the signal and the photon veto provides abundant
suppression. A negligible contribution from this background source is expected.

13.7 Candidate Event Selection

To selectK0
L → π0νν̄ candidates, we adopt a procedure to take advantage of the correlations between

the kinematic variablesT ∗π0 , Mγγ , andEmiss along with the veto rejection as described in the previous
Sec.13.6. We apply “setup” cuts (Table13.3), ideally with high signal acceptance, that are designed to
suppress non-K0

L background andK0
L background due to veto timing considerations.
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Table 13.3. Description of the “setup” cuts. DOCA is the distance of closest ap-
proach of the two candidateγ, z(K0

L) is the reconstructedz of a K0
L candi-

date, z1 is 75cm (100cm) from the upstream end of the decay volume for the
2γPR (1γPR) detection method, andz2 is 50cm (100cm) from the downstream
end of the decay volume for the2γPR (1γPR) detection method.DK12 ≡√

(DOCA1 + DOCA2− 5.)2 + (z1(K0
L)− z2(K0

L))2 where DOCAi is the distance

of closest approach of theith measured photon to~X2(K0
L), the fittedK0

L vertex from
the fit 2, andzi(K0

L) is the reconstructedzK0
L

from the ith fit. Fit 1(2) fits the two

photons to a common vertex without (with) aπ0 mass constraint. The performance of
these cuts on signal and backgrounds is shown in Table13.4.

Cut Explanation
χ2 < 100 Reasonable kinematic fit
DOCA < 60 cm Suppress non-K0

L backgrounds
z1 < z(K0

L) < z2 Suppress neutron-induced background
P (K0

L) > 400 MeV/c SuppressK0
L background from next microbunch

M2
ν < −30000 (MeV/c2)2 Suppress background involving slow charged tracks

DK12 < 30 cm Suppress background involving mis-reconstructedz(K0
L)

−30 < Mγγ −Mπ0 < 40 MeV Suppress background when photons are not from a singleπ0

E∗
π0 < 300 MeV Suppress non-K0

L backgrounds

The motivation for the setup cuts is briefly explained in Table13.3. The motivation for the use ofM2
ν

was described in Section13.6.2. The motivation for thez(K) cuts is described in Section13.8.6.
The motivation for the DK12 cut is suppression of candidates with mis-reconstructedz(K) when the

photon candidate pairs do not originate from a neutral pion. Examples are Kp2 and Ke3g. The effect of a
mis-reconstructedz(K) on the relative timing∆ of a potential veto hit (Sec.13.6.2) is shown in Fig.13.11.
The mis-reconstruction is caused by large scattering in theY direction on one photon coupled with en-
ergy mis-measurement of one or both photons. In particular, it occurs when one photon has a relatively
small angle with respect to the horizontal plane. When the photons are not from aπ0 and the energy is
mis-measured, imposing theπ0 mass constraint can shift the reconstructedz(K). Note that the KOPIO
time-of-flight technique to reconstruct theK0

L momentum preferentially acceptsz(K, recon) > z(K, true),
because the inequality impliesP (K, recon) > P (K, true) and thus increases the apparent missing en-
ergy of the candidate. There is also a correlated effect that makes∆ more negative for Kp2. The relation
z(K, recon) > z(K, true) sometimes impliesd(recon) > d(true) for Kπ2-odd with backward-going pho-
tons, whered is the distance from the kaon decay vertex to the veto hit position. To suppress candidates
with mis-reconstructedz(K), the variable DK12 (Table13.3) combines quantities that are correlated with
z(K, recon) − z(K, true). These quantities are the difference inz of the reconstructed kaon decay vertex
from the two fitsz2(K) − z1(K) and the distance of closest approach of each of the measured photon
candidates to the reconstructedz2(K).

We use these three variables,

1. M(γγ)−M(π0),

2. T ∗2, and

3. ln(Emiss) (Emiss in MeV),

and utilize a three-dimensional binned ’likelihood’ method to maximize the signal-to-background ratio (S/B)
for a given signal rate. The procedure is:
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Fig. 13.11. The∆ (ns)vs z(K, recon)−z(K, true) (cm) after setup cuts onχ2, DOCA
andz(K) (Table13.3). An additional cut|Mγγ −M(π0)| < 20 MeV has also been
applied.

1. For each bin defined by the above three variables:

(a) Add up all backgrounds.

(b) Add up the signal.

(c) Calculate S/B.

2. Sort bins by decreasing S/B and integrate S & B according to the sort order.

3. Define specific realizations of the general cut by noting when the integrated S crosses various arbitrary
thresholds.

Inclusion of additional variables in the method did not give a significant improvement in the signal purity.
The results of the optimization for the 2γPR mode for the three quantities listed above is shown in Figs.13.12
and13.13for tight and loose cuts, respectively.

Table13.4shows the expected2γPR rates for “in-bunch” background after veto suppression, the setup
cuts, and six specific realizations of cuts of increasing severity based on the likelihood method described
above. The results are shown graphically in Fig.13.14. As shown in the table and the figure, the highest
signal-to-background rates are achieved for the tightest cut.

Tables13.5and13.6show the expected1γPR/BV and1γPR/CAL rates “in-bunch” background, re-
spectively, after veto suppression, setup cuts and cuts of increasing severity based on the likelihood method
described above.

Figure13.15shows the fractional rate of wrap-around background as a function of the signal yield.
The fractional rate of the wrap-around background decreases from 10% for the tightest cut to 1.5% for the
loosest cut. The largest component of the wrap-around background isKπ2.

The distribution and composition of interbunch background are shown in Fig.13.16. The expected
yield of the interbunch background, taking into account the extinction measurements of Sec.5, is negligible
as shown in Fig.13.17. Figure 13.18 shows the total background with the in-bunch, wrap-around, and
interbunch components as a function of the signal yield.

Similar distributions are seen for the1γPR detection methods. The signal-to-background ratio as a
function of the total signal is shown in Fig.13.19for the three detection methods,2γPR, PR/CAL, and
PR/BV.
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Fig. 13.14. For the2γPR detection method, the total in-bunch background and the
components of the in-bunch background byK0

L decay modevs. the expected number
of signal events as the likelihood cut severity is decreased.

Fig. 13.15. For the2γPR detection method, the relative rate of the total wrap-around
background to the total in-bunch background and the relative rate of the components of
the wrap-around background by theK0

L decay modevs.the expected number of signal
events as the likelihood cut severity is decreased.
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Fig. 13.16. For the2γPR detection method, absolute rate (upper) and rate relative to
in-bunch (lower) background of the interbunch backgroundbefore applying the inter-
bunch extinction rateand the rates of the significant components of the interbunch
background as a function of the time from the central time of the “in-bunch” bunch for
the loosest of the likelihood cuts for the2γ PR detection method. TheKπ2 background
dominates the interbunch rate. For negative times, the reconstructed kaon momentum
is less than the actual kaon momentum so that the reconstructedT ∗π0 is less than the
trueT ∗π0 and moves theKπ2-even peak into the low background region.
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Fig. 13.17. The upper distribution shows the probability of of beamK0
L per 16.4 ps

determined from the interbunch rate measurements of Section5 where we assume that
the interbunch background is constant between the bunches The lower distribution
shows the calculated total background rate as function of the time from the central time
of the “in-bunch” bunch for the loosest of the likelihood cuts for the2γ PR detection
method using the rates shown in Fig.13.16. The±1-ns region is classified as the
“in-bunch” background and is removed from this calculation. The total background
rate from the wrap-around mechanism is 6.5 events for these cuts. The interbunch
background makes a negligible contribution to the total background rate.
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Fig. 13.18. Top:The total background and the components as a function of the signal
yield for the2γPR detection method. The “standard” background is the in-bunch back-
ground. The lower figure shows the signal over the total background as a function of
the signal yield.

199



Signal

S/
B

0

2

4

6

8

10

12

0 50 100 150 200 250

Fig. 13.19. The signal-to-background ratio (S/B) as a function of signal for all de-
tection methods (black line) and for each of the three detection methods. The2γPR
method is shown in red, the1γPR/CAL method is shown in green and the1γPR/BV
method is shown in blue.

200



KOPIO final result at B(K0
l → π0νν

_
) = 3x10-11
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Fig. 13.20. Left: Events per channel where events are sorted into channels by b/s until
a channel contains ten background events. The upper curve shows the total number of
events expected in each channel. Right: The integrated number of events as a function
of the total background to total signal ratio in each channel. The “statistical error”
(right scale) shown is the square root of the integrated number of events divided by the
total signal yield at each channel. This would be the relative uncertainty on aK0

L →
π0νν̄ branching fraction measurement if there were no uncertainty in the background
yield and if the full power of the likelihood method were not employed.
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13.8 Other Potential Backgrounds

13.8.1 Background fromΛ → π0n

Decays ofΛ to π0n (B(Λ → nπ0) = 35.8%), if they occurred in the fiducial region, would be a
potential source of background. Due to the soft production spectrumP (Λ) ≤ 3.5 GeV/c, Λs that are
produced in the target or spoiler are suppressed by∼ 10−17 by the shortΛ lifetime (cτ = 7.89 cm).

The effect ofΛ production at the upstream end of the decay region is estimated below. TheK0
Lp→ Λπ+

cross-section peaks at 3.5 mb[2] in the energy range of theK0
L beam. Assuming that allK0

L striking the last
5 cm of a stainless steel beam pipe interact with the peak cross-section, the interaction rate per isK0

L.

3.5× 10−27 cm2 × 5 cm× 7.87 g/cm3 × 6× 1023 = 0.083 .

The relative number of incidentK0
L is estimated by assuming that the ratio of theK0

L halo to the beam
is 10−4, approximately the same as the neutron halo-to-beam ratio (Sec.5), and that 1/10 of theK0

L halo
interacts in the 5 cm of beam pipe. Finally, if theΛ momentum spectrum is assumed to the same as that of
theK0

L beam, then∼ 10−10 of theΛ produced at the upstream end of the decay volume will survive 75 cm
to reach the fiducial volume. The rate ofΛ decays toπ0n in the fiducial region to theK0

L beam rate is

0.083× 10−4 × 10−1 × 10−10 × 3.6× 10−1 ≈ 3× 10−17

which is negligible relative to the SM rate ofK0
L → π0νν̄ decays.

13.8.2 Background fromK0
S Decays

The decayK0
S → π0π0 (B(K0

S → π0π0) = 31%) occurring in the fiducial region would pose the same
background problems asK0

L → π0π0 as potential sources of in-bunch and interbunch background if the
relative rate ofK0

S decays is significant compared toK0
L decays.

From the arguments in section13.8.1,K0
S produced in the target or spoiler are suppressed by∼ 10−20

due to theK0
S lifetime (cτ = 2.68 cm). Following the discussion of section13.8.1, and using the peak

σ(K0
Lp→ K0

Sp) at 5.1 mb[2], there are∼ 1.2× 10−8 K0
S per beamK0

L so the effective branching fraction
relative to theK0

L → π0π0 rate is

1.2× 10−8 × B(K0
S → π0π0)/B(K0

L → π0π0) = 1.2× 10−8 × 0.31/(9.32× 10−4) ≈ 4× 10−4 ,

which is negligible if theK0
S have the same momentum spectrum as theK0

L beam. If theK0
S have a different

momentum spectrum, thenK0
S → π0π0 would have similar temporal properties as interbunchK0

L → π0π0

decays and4× 10−4 is smaller than the requisite interbunch extinction of10−3.

13.8.3 Background from Charged Kaons in the Beam

The D3 magnet bends charged particles away from the decay volume and suppresses interaction prod-
ucts produced in the upstream beam pipe and collimators from reaching the decay volume. A relative rate
of K±/K0

L = (2 ± 1) × 10−7 has been determined from GEANT3 simulation of the collimation system
and magnets (Sec.5). In addition, the D3 magnet deflects the charged kaons outside the neutral beam en-
velope (Fig.5.7) which provides an additional suppression of∼1/20 or more (limited by the statistics of
the simulation, Sec.5). The charged kaon decay modes most likely to be troublesome are decay modes
to a single charged track and aπ0, or K± → π0π±, K± → π0µ±ν, andK± → π0e±ν with branch-
ing fractions of 21.13%, 3.27%, and 4.87%, respectively. OtherK± decay modes with additional charged
tracks orπ0s would provide additional veto suppression. The average single charged-track veto ineffi-
ciency can be conservatively estimated as

√
< ε̄π+ × ε̄π− > =

√
6.9× 10−11 = 8.3 × 10−6, evaluated

for K0
L → π+π−π0 decays wherēεπ± is the veto inefficiency forπ±. This estimate is conservative because

the majority of the charged kaons are positively charged andε̄π+ < ε̄π− . In addition, the veto inefficiency
of leptons is much better than that for charged pions. Combining all these factors and dividing by the SM
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B(K0
L → π0νν̄) = 3 × 10−11 yields an upper limit on the relative rate of background from charged kaon

decays of
2× 10−7 × 0.05× 0.29× 8.3× 10−6/3× 10−11 ≈ 8× 10−4 .

13.8.4 Background fromK0
L → K±e∓ν

Background fromK0
L beta decay is similar to background from charged kaons in the beam as described

in section13.8.3. The expected rate relative to the signal is

B(K0
L → K±e∓ν)×B(K± → π±X)×ε̄X/B(K0

L → π0νν̄) ≈ 1.×10−8×0.29×8.3×10−6/3×10−11 = 8×10−4

whereK± → π±X is the sum of the three charged kaon decays listed in Sec.13.8.3with a total branching
fraction of 29%,̄εX is the estimated veto inefficiency for the charged track, and the SM values ofK0

L →
K±e∓ν and signal are used.

13.8.5 Background fromπ± → π0e±ν

Charged pion beta decay (B(π± → π0e±ν) = 1.025× 10−8) is a potential source of background when
the charged pion is the result ofK0

L decay. Since theπ0 from the pion beta decay has essentially the same
four-momentum as the charged pion, the decay chainK0

L → π±e∓ν, π± → π0e±ν (Ke3) is potentially the
most dangerous of this type of background because the dynamics and kinematics of the pion fromK0

L decay
are very similar to that of theπ0 fromK0

L → π0νν̄. The other three-body semileptonic decayK0
L → π±µ∓ν

(Km3) is less dangerous because the kinematics differs from that of the signal.

Table 13.7. FastMC estimate ofK0
L → π±`∓ν, π± → π0e±ν background. In the table

B(K) = B(K0
L → π±`∓ν), B(π) = B(π± → π0e±ν), andB(s) = B(K0

L → π0νν̄).
The upper portion of the table gives the number of surviving candidates after the listed
cuts. The lower portion of the table has the background rate relative to the signal after
successive cuts.

Cut K0
L → π±e∓ν K0

L → π±µ∓ν

None 300000 200000
Fiducial 1871 1445
E(eπ) < 2 MeV 204 158
∆ > −5 ns 24 4
B(K) 0.3881 0.2719

Rate relative to signal
B(K)B(π)/B(s) 129.4 90.6
×ε(Fiducial) 0.802 0.652
×ε(∆) 0.010± 0.002 0.002± 0.001

These two decays were studied with the FastMC and the results are listed in Table13.7. The “Fiducial”
cuts require the reconstructedπ0 vertex to lie within the envelope of the beam in the fiducial region, and
suppress the background with no significant signal loss. These cuts take advantage of the fact that the charged
pion frequently leaves the beam envelope before decaying. The “∆ > −5 ns” cut requires that the time and
position of the impact of the lepton from theK0

L decay at the charge veto be consistent with aβ = 1 particle
propagating from theπ0 decay vertex. The effect of this cut is to select pion beta decays that are significantly
displaced from theK0

L decay vertex. It is more effective on the semi-muonic decay mode because the pion
has lower momentum and the slow (β < 1) muon compensates for the displacement between theK0

L and
π± decay vertices.
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Fig. 13.21. The energy spectrum of thee± from pion beta decay for pions
from Ke3. The upper (lower) plot shows the distributions with no (fiducial)
cuts.

Fig. 13.22. The energy spectrum of thee± from pion beta decay for pions
from Km3. The upper (lower) plot shows the distributions with no (fiducial)
cuts.
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The main veto suppression comes from the lepton from theK0
L decay. Additional suppression is pos-

sible by detecting thee± (eπ) from the pion beta decay. The energy spectra of theeπ for Ke3 and Km3
decays are shown in Figs.13.21and13.22, respectively. The fiducial cuts select a hardereπ energy spec-
trum because the charged pion is required to be more forward in the lab. Conservatively assuming thateπ
with energy above 2 MeV can be vetoed provides an additional background rejection of∼10 times.

Assuming that the contribution to this background fromK0
L → π+π−π0 is negligible due to the

reduced phase space and the veto opportunities from theπ0, the contribution to the background from
K0
L → π±`∓ν, π± → π0e±ν is estimated to be∼ 0.012 of the signal rate. This background would be

suppressed by an additional factor of∼6 if the∆ < −5ns requirement is increased to∆ < −11ns to avoid
loss of veto inefficiency due to veto blindness (Sect.13.9), with only a 2% loss of signal acceptance.

13.8.6 Background from Neutrons

There are two potential sources of background due to neutron interactionsnN → π0X where X is
invisible. The first source is due to interactions of the neutron beam with the residual gas in the decay
region. The second source is due to interactions of the neutron halo with the beam pipe or detector at the
upstream or downstream end of the decay region.

The estimates of these potential sources were performed with a different version of the FastMC by
generatingnN → π0X interactions according to phase space and baryon number conservation and with
a neutron beam spectrum parameterization of the measured momentum spectrum at a46.5◦ production
angle[3]. The momentum spectrum of the neutron halo was conservatively assumed to be identical to the
neutron beam spectrum. The neutron halo was assumed to be10−4 of the neutron beam, and the neutron
beam was taken to be 1000 times theK0

L production rate. Neutron interactions were generated at the center
of the decay region to estimate the background from the first source. The residual gas in the decay region
was approximated as 500 cm of air at10−7 Torr. Neutron interactions were generated at the upstream and
downstream ends of the decay region to estimate the backgrounds from the second source. The active region
of the upstream wall was taken to be one radiation length of lead (0.56cm) and the active region at the
downstream end of the decay region was taken to be 15 cm (∼5 times theπ0 vertex resolution inz), of
polystyrene (1.032 g/cm3). The possibility that the neutron interactions in the detector material generated
additional particles that could serve to veto the event was ignored.

The entire neutron-nucleon cross-section above theπ0 production threshold was conservatively as-
sumed to be due to the reactionnN → π0X. The neutron-nucleon cross-section was assumed to be 35 mb,
which is approximately the maximumnp total cross-section above 1 GeV/c[1]. The actualσ(nN → π0X)
is at least 3 times smaller (Fig.13.23).

The rates from neutrons were estimated based on loose cuts on kinematic quantities optimized for sup-
pression of background fromK0

L decays. Potential neutron backgrounds from interaction at the upstream
and downstream ends of the decay region are sufficiently suppressed by a fiducial cut onz(K), the recon-
structedz position of theK0

L candidate vertex. For the2γPR (1γPR) detection modes,z(K) is required
to be 75 cm (100 cm) and 50 cm (100 cm) from the upstream and downstream ends of the decay region,
respectively. For the2γPR detection mode, thez(K) resolution varies from approximately 15 cm at the
upstream end of the decay region to 3 cm at the downstream end of the decay region. Thez(K) resolution
for the1γPR detection modes is constant at approximately 20 cm over the length of the decay region. These
cuts reduced the relative neutron background to signal rate to∼1%. The dominant component of this back-
ground would be from the upstream end of the decay region. Additional suppression would be possible by
utilizing theχ2 of the kinematic fit as shown in Fig.13.24.

There is also additional rejection due the relative timing of neutron-induced events. The reconstructed
kaon decay timevs.momentum is shown in Fig.13.25for signal and neutron halo interactions generated at
the upstream end of the decay region. The FastMC simulation used for these results neglected any dispersion
in neutron interaction time due to interactions in the collimators, the distribution of neutron interactions over
the US wall, or the neutron and kaon production times. Nonetheless, it appears that substantial additional
neutron halo rejection can be achieved with only a slight acceptance loss based on the reconstructed time
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Fig. 13.23. Neutron carbon-12 cross-sections for neutron energies from 200 to 3000
MeV from the ENDF compilation[4]. The dark blue line is the total cross-section, the
turquoise line is the cross-section into one or more neutral pions.

and momentum.
The total rate of neutron background from interactions from the residual gas is estimated to be< 1%

of the signal with the loose kinematic cuts, indicating that a vacuum of10−6 Torr would be tolerable from
the point of view of neutron interactions.

13.8.7 Background from Antineutrons

The 42.5◦ production angle suppressesn̄ flux in the KOPIO beam line; nonetheless they are present
and are a potential source of background via interactions with the residual gas in the decay volume. The rate
of n̄ production from the KOPIO target was determined from a GEANT3 simulation to be3.9× 10−3 times
the rate of neutron production for neutrons above 775 MeV/c (the approximateπ0 production threshold).
The relativeπ0 production rate for̄n andn(p > 775 MeV/c) interactions in the residual gas of the decay
volume (approximated as water vapor) was determined from GEANT3 simulation to be∼2.5. Thus the rate
of potentialπ0 candidates from̄n interactions to that fromn interactions in the residual gas is(3.9×10−3)×
2.5 ≈ 0.01. Since neutrons interactions in the residual gas were determined to be< 1% of the signal rate,
antineutron background is negligible.

13.9 Signal Losses

The spill length optimization used in Section13.2takes into account accidental coincidence losses due
to the following items:

1. additionalK0
L decays in the microbunch,

2. K0
L decays in other microbunches,

3. stopped muon decays,

4. halo neutron interactions, and

5. neutron interactions in the beam catcher.
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Fig. 13.24. Upper:The reconstructedz(K) distribution fornN → π0X production
at (0,4,950) cm fitted with a double Gaussian. P2 and P5(P3 and P6) are the fitted
means(sigmas). (For this study, the decay region extended from 950 to 1350 cm.) The
other plots from top to bottom and left to right show the distributions ofχ2 vsMγγ −
Mπ0 in MeV for increasingly harder cuts onz(K). The box in these plots corresponds
toχ2 < 15 and|Mγγ−Mπ0 | < 20 Mev. These plots correspond to the2γPR detection
mode and used an early, more pessimistic model of the PR.
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Fig. 13.25. Comparison of the reconstructed kaon decay timevs reconstructed kaon
momentum for signal(open boxes) and neutron halo(red shaded boxes) events from
the upstream end of the decay region. Only basic reconstruction cuts are applied and
are listed in the figure. The lower plot has the current nominal cut onz(K); the upper
plot has a looserz(K) cut to increase statistics. Each reconstructed event is weighted
by the production weight (decay probability) for neutrons (kaons).
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The relative sensitivityΣ corresponds to the number of usefulK0
L decays per calendar second and is

defined by

Σ = Nve−kv
(

1
v∆ + 1

)
, (13)

whereN is the number of decays in the fiducial volume per spill,v is the reciprocal of the spill length in
seconds,∆ is the interspill time (2.3 s, Section4), k ≡ (1 + r)N/f ; f is the microbunch frequency (25
MHz) andr is an adjustable parameter representing the relative fraction ofK0

L decays outside the fiducial
region that can veto a decay in the fiducial region. The parameterr can be determined from the measurement
of the survival factorS of 0.435 measured at a rate ofNK = 3.57 K0

L per microbunch exiting the spoiler
with a spill length of1/v = 2.4 s andN = 1.63× 107 decays in the fiducial region per spill in a GEANT3
simulation of the KOPIO detector. The survival factorS is the number of decays in the fiducial volume per
calendar second

S = e−kv = e−(1+r)Nv/f . (14)

Solving forr gives

r =
−f lnS3.57

Nv
− 1 = 2.06 , (15)

which indicates that, on average,K0
L can veto an otherwise good event over a region three times as large as

the fiducial region.
The survival factor due to item2 in the list has been evaluated with a GEANT3 simulation to be 0.9621

at NK = 3.57. This loss is proportional to the instantaneous rate orSotherK = e−0.0386NK/3.57, where
−0.0386 = ln(0.9621).

The survival factor due to item3 has been evaluated with the GEANT3 simulation to be1.38% and
0.24% per nanosecond of the PV and CPV gate, respectively, atNK = 3.57. For 12 ns PV and CPV gates,
this evaluation corresponds to a survival factor of 0.8056. In generalSstoppedµ = eln(1.−0.0138δγ−0.0024δ+)NK/3.57

whereδγ andδ+ are the PV and CPV gates in ns, respectively.
The rates in the CPV and PV (excluding the beam Catcher) due to halo neutron interactions have been

estimated with a GEANT3 simulation of the KOPIO neutral beam to be 1 MHz and 1.5 MHz, respectively,
atNK = 4.32. This result gives a survival factor due to item4 of Shalo = eln(1.−0.001δγ−0.0015δ+)NK/4.32.

The random losses in the beam Catcher due to neutron interactions (item5) is estimated from a
GEANT3 simulation to be 2.8% atNK = 4.32 for a survival factor ofScatcher = e−0.0284NK/4.32.

Taking all the survival factors into account, one has the overall sensitivityΣ′

Σ′ ≡ Nve−kv
(

1
v∆ + 1

)
× SotherK × Sstoppedµ × Shalo × Scatcher , (16)

where one makes the replacementNK = Nv/fFD in the survival factorsS in order to maximizeΣ′ as a
function of spill length1/v, andFD = 7.6% is the fraction ofK0

L exiting the spoiler that decay in the fiducial
volume. Taking into account the rate-independent survival factors ofSself = 0.88 for signal “self-veto” and
Sabs = 0.86, the total survival factor is

Stot ≡ e−kv × SotherK × Sstoppedµ × Shalo × Scatcher × Sself × Sabs . (17)

andStot = 0.383 at maximum sensitivity.
To avoid loss of veto inefficiency due to previous detector activity (veto “blindness”, Section6f), it may

be necessary to extend the 12-ns width of the veto gates. Assuming a double-pulse resolution of 6 ns based
on the E949 experience with waveform digitizers would increase the veto gate to 18 ns. Re-optimizing by
using Eq.16 with δγ = δ+ = 18-ns gates would give a 2% loss of overall sensitivityΣ′ at an optimal spill
length of 5.36 s.

209



13.10 Summary of Signal and Backgrounds

Taking into account a signal at the SM level and including the backgrounds and acceptance losses
indicated above, the anticipated signal-to-background ratio for events to be acquired in the full KOPIO
running period is shown as a function of the observed signal level in Fig.13.19. Including events up to
a signal to background ratio of 0.5 there will be a total of 303 signal events. The data will be analyzed
with a maximum likelihood method[5] in which candidate events are sorted into ’cells’ corresponding to
the relative signal-to-background of each event for each detection method. Each cell is defined such that it
would contain ten background events for the full running time of KOPIO. The contribution of the resulting
cells to the precision on the branching fraction is evaluated by using the maximum likelihood method and
taking into account the average signal-to-background of each cell and the estimated number of observed
events per cell. A presentation of the total background and signal yield showing the division into cells is
shown in Fig.13.20.

Figure1.1shows the exclusion limits that KOPIO will be able to achieve as a function of the fraction of
the total run. Clearly, many of the models with predictions in the region between the Grossman-Nir limit[6]
and the SM branching fraction would be excluded in the early part of the KOPIO program. The latter stages
of the KOPIO run would achieve a relative statistical precision on theK0

L → π0νν̄ branching fraction of
9%, in the absence of new physics, if the SM prediction were correct. The precision on a higher rate signal
of non-Standard Model origin would be greater both because the signal yield would be higher and because
the background would be relatively lower.

13.11 Parameter variations

We investigated the change in sensitivity when parameters and assumptions governing the expected sig-
nal yields were varied. Table13.8lists the parameters and variations. The results of the parameter variations
on the sensitivity were described by three figures of merit (FOM):

1. The signal (S) yield for S/B = 2 for the sum of all detection methods,

2. The signal yield for S/B = 8 for the sum of all detection methods, and

3. The signal yield for S/B = 8 for the2γPR detection method alone.

The first FOM is a measure of the total signal yield that would be used for a precision measurement of the
branching fraction. The second and third FOM are measures of the signal yield that would be used for the
establishing the existence of the signal decay.

In each of the Figures13.26, 13.27, 13.28, 13.29, 13.30, 13.31, 13.32and13.33, we plot the relative
variation in the 3 FOMs as a function of the parameter variations. In all cases, the variations are compared
to the FOM for the standard or ’baseline’ parameters.
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Table 13.8. Parameter variations. Parameters in bold list the baseline assumptions. A
variation of the resolution by±20% indicates that the resolutions used to smear the
appropriate quantities are modified asσ(new) = ±1.20× σ(baseline). “50% worse”
PV inefficiency means that the inefficiency is globally increased by a factor of 1.50, or
ε̄(new) = 1.50× ε̄.

Parameter Variation Figure
BV inner radius ±10% 13.26
X0 assumption for PV 16, 18,21.6, 26 13.27
Energy resolution ±20% 13.28
PR angular resolution ±20% 13.29
Position resolution ±20% 13.30
PV inefficiency 50% worse 13.31
X0/layer for PR 3.4%,4.0%, 5.0% 13.32
Time resolution ±20% 13.33

Fig. 13.26. Variation of the three FOMs as the BV radius is changed. The FOM vari-
ation is approximately±12% as the BV radius is changed by±10%, as expected
qualitatively because the area of the PR increases as the radius increases.
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Fig. 13.27. Variation of the three FOMs as the global PV thickness in radiation lengths
is changed. There is little improvement in the FOM with a thicker PV.

Fig. 13.28. Variation of the three FOMs as a function of the energy resolution. The
FOMs for S/B=8 has changes by≈ 20% as the energy resolution changes by20%.
The signal yield for S/B=2 is less sensitive to the energy resolution.
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Fig. 13.29. Variation as a function of the PR angular resolution. As for the energy res-
olution, the high purity signal yield has the most dramatic dependence on the angular
resolution of the PR.

Fig. 13.30. Variation of the three FOMs as a function of the position resolution.
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Fig. 13.31. Variation of the three FOMs as the PV inefficiency is globally degraded.
Globally increasing the PV inefficiency by a factor of 1.5 decreases the signal yield by
factors of 0.35 (S/B=8) to 0.54 (S/B=2). Roughly speaking, an increase of the ineffi-
ciency by a factor of 1.5 should increase theKπ2 background by1.52 = 2.25.
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Fig. 13.32. Left: Variation of the three FOMs as the thickness in radiation lengths of
each layer of the PR is changed. The dimensions of the PR are fixed so the total thick-
ness of the PR in radiation lengths changes in proportion to the change in thickness of
each layer. Center: The S/Bvs S for the sum of all detection methods. Right: The S/B
vs S for the2γPR detection method only. In general, increasing the thickness per layer
increases the conversion probability but decreases the resolution due to the increase in
multiple scattering.
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Fig. 13.33. Variation of the three FOMs as the time resolution is changed. The signal
yield is only slightly degraded if the time resolution worsens.
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14 Additional Physics Goals

14.1 Introduction

The KOPIO apparatus is designed on the basis of the requirements for the decayK0
L → π0νν. It has a

list of remarkable properties, which can be summarized as follows:

◦ sensitivity corresponding to∼ 1014 K0
L decays;

◦ hermetic veto coverage;

◦ measurement of energy and direction of photons and electrons;

◦ measurement of theK0
L momentum.

These characteristics make it an ideal tool for the measurement of rareK0
L decays with photons and

electrons in the final state. Because the KOPIO sensitivity is optimized forK0
L → π0νν, we will also have

sensitivity to any decaysK0
L → π0X whereX is unobserved.

14.2 K0
L → π0X and K0

L → π0π0X

In models with spontaneous supersymmetry breaking, the superpartners of a Goldstone fermion, pseu-
doscalarP and scalarS goldstinos, should exist. In some versions of gravity-mediated and gauge-mediated
theories[1] one or both of these weakly interacting bosons (sgoldstinos) are light enough to be observed in
kaon decays.

If the scalar sgoldstino is lighter than the pseudoscalar, then the decayK0
L → π0S is favored. Such a

decay could be signaled by the highly constrained two-body kinematics of theπ0 in the kaon rest frame.
A search for the charged version[2] K+ → π+S placed a limit on the branching ratio of5.9 × 10−11 for
a massless long-livedS. KOPIO could expect to place a similar limit on the neutral analog. If theS is not
long-lived, it is expected to decay viaγγ or e+e−. KOPIO would have good sensitivity to either of these
decay modes as well.

If P is lighter thanS, sgoldstinos may be observed in the decayK0
L → π0π0P , rather than in the much

better constrainedK0
L → π0S. The phenomenology of light sgoldstinos in this scenario is considered in

detail in Ref.[3].
Under the assumption that sgoldstino interactions with quarks and gluons violate quark flavor and con-

serve parity, low-energy interactions of pseudoscalar sgoldstinoP with quarks are described by the La-
grangian:

L = −P · (hDij · diiγ5dj + hUij · uiiγ5uj) , (18)

where

di = (d, s, b) , ui = (u, c, t) ,

and with coupling constantshij proportional to the left-right soft terms in the mass matrix of squarks:

hDij =
m̃(LR)2
D,ij√
2F

, hUij =
m̃(LR)2
U,ij√
2F

, (19)

where the scale of supersymmetry breaking is denoted as
√
F .

The90% confidence level (CL) constraints on the flavor-violating coupling of sgoldstinos to quarks, eval-
uated by using theK◦

L − K◦
S mass difference andCP violating parameterε in the neutral kaon system,

are:
|hD12| ≤ 7 · 10−8; |Re(hD12)Im(hD12)| < 1.5 · 10−17. (20)

A search[4] for P in the charged kaon decayK− → π−π0P by the ISTRA+ collaboration obtained a
90% confidence level upper limit for the branching ratioB(K− → π−π0P ) of ∼ 9 · 10−6 in the effective
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mass range0 < mP < 200 MeV/c2, excluding the region nearmπ◦ where it degrades to∼ 3.5 · 10−5.
An independent measurement by KOPIO should have sensitivity for theB(K0

L → π0π0P ) of better than
10−10−10−11. Thus it will be possible to increase the sensitivity for the supersymmetry-breaking parameter√
F very significantly.

The main decay channels for light sgoldstino areP → 2γ or P → e+e−. The two-photon decay
dominates almost everywhere in the parameter space. Depending on the parametergγ = 1

2
√

2

Mγγ

F , where
Mγγ is the photino mass, sgoldstinos will have a very different lifetime. In particular, if the sgoldstino is
sufficiently long lived to decay outside the detector, it is “invisible”. The estimates from Ref.[3] show that,
at Mγγ ∼ 100 GeV and

√
F > 1 TeV, sgoldstinos fly away from the detector ifmP ≤ 10 MeV; for√

F > 10 TeV, the borderline ismP ∼ 200 MeV. For KOPIO measurements, the best sensitivity will obtain
for an invisibleP , but it will be possible to search forP → 2γ inside the detector.

14.3 Radiative Decays:K0
L → γγ, K0

L → γγ∗, K0
L → γ∗γ∗, K0

L → γγγ

The study of radiative decays has received continued interest in the past decade[5]. On one hand, they
provide phenomenological information needed to interpret the measurement of other rare decays in terms of
fundamental parameters of the SM. On the other hand, they are a testing ground for theoretical approaches
to the calculation of non-perturbative effects of strong interactions in weak decays.

In this context, chiral perturbation theory[6] (χPT ) has grown to be one of the most fruitful tools.
This low-energy effective theory, in which the fundamental fields are those associated with the octet of
pseudoscalar mesons, is based on a power-series derivative expansion of a Lagrangian, the form of which is
fixed by the ansatz of the chiral symmetry of the QCD Lagrangian in the limit of massless quarks. Within
this framework, amplitudes for physical processes can be expressed as a perturbative expansion in terms of
a few free parameters. Relations among different processes can be established and precision measurements
serve the dual purpose of verifying the assumptions on which the theory is based and fixing its parameters.

Interest in these channels arises mainly in connection with the theoretical description of the decay
K0
L → µ+µ−, whose branching ratio has been measured with∼ 6200 events by the E871 collaboration[7]

B(KL → µ+µ−) = (7.27 ± 0.14) × 10−9. The short-distance contribution to this decay proceeds through
internal quark loops, dominated by the top quark. Thus it can provide information on theρ parameter of the
Wolfenstein parameterization of the CKM matrix. However, the description of the decay includes the ab-
sorptive contribution, dominated by theK0

L → γγ contribution, and a long-distance dispersive contribution
dominated by virtual photon exchange. These contributions can be constrained with precision measurements
of the branching ratio of the two photon decay, as well as by accurate information on the branching ratios
and form factors for channels involving virtual photon exchange such asK0

L → γe+e−, K0
L → γµ+µ−,

K0
L → e+e−e+e−,K0

L → e+e−µ+µ−, andK0
L → µ+µ−µ+µ−.

A summary of the current knowledge on these decays is provided in the Table14.1.
Although detailed calculations of acceptances and background separation have yet to be performed, a

rough comparison of the number of kaon decays with the∼ 1014 expected in KOPIO indicates the possibility
of studies with high statistics also for the rarest channels. Muon identification and measurement, for muons
ranging in the Calorimeter, will also be considered. This possibility, which relies on the low average density
of the Preradiator, the favorable sampling fraction of the Calorimeter and the use of kinematic fits to improve
resolution, will be studied in due course.

Valuable information will thus be provided by KOPIO on the following items:

a) precision measurements of the branching ratios; these will probably be limited by the knowledge of
the branching ratios for the normalization channels (for which, however, an improved situation is
expected after completion of the KLOE program);

b) study of the form factors for the decayK0
L → γe+e−, with good sensitivity in the region of high

e+e− effective mass. The results will allow a more stringent comparison with different models[14,15]
and clarify the discrepancy between theαK∗ parameter of the BMS[14] parameterization measured
in γe+e− and inγµ+µ−, which is more sensitive to the form factor;
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Table 14.1. Current status of radiative decay branching ratios of theK0
L and the exper-

iments that defined them.

Decay Experiment Kaon Events Background PDG Value
decays

γγ NA31[8] 4.7× 108 110000 700 B = (5.90± 0.07)× 10−4

γe+e− NA48[9] 4.1× 109 6864 10 B = (1.00± 0.05)× 10−5

KTEV[11] 6.4× 1011 93400 476 αK∗ = −0.186± 0.011± 0.009
γµ+µ− KTEV[10] 6.4× 1011 9327 222 B = (3.62± 0.04± 0.08)× 10−7

αK∗ = −0.160+0.026
−0.028

e+e−e+e− KTEV[11] 6.4× 1011 1056 7.9 B = (4.16± 0.13± 0.13)× 10−8

αK∗ = (−0.03± 0.13± 0.04)
e+e−µ+µ− KTEV[13] 6.4× 1011 132 0.8 (2.69± 0.24± 0.12)× 10−9

c) measurement of the form factor forK0
L → γ∗γ∗, by a study of the decay to two lepton pairs, especially

in the high mass region; this study will be best performed in theK0
L → e+e−µ+µ− channel because

the decayK0
L → e+e−e+e− would suffer from ambiguity in the charge assignment.

The decayK0
L → γγγ is allowed, but suppressed by gauge invariance and boson statistics. Estimates

for the branching ratio are on the order of10−19[16]. Observation would indicate new physics. The best
limit, from NA31[17] is B < 2.4 × 10−7. Because this channel is very well constrained in KOPIO, it is
reasonable to expect that the limit can be pushed to the10−11 - 10−12 range.

14.4 K0
L → π0γγ and K0

L → π0π0γ

The measurement of the decayK0
L → π0γγ provides information on a possible CP-conserving contri-

bution to the decayK0
L → π0e+e−, a channel that could exhibit large effects of direct CP violation[18]

(although its measurement could be hindered by an overwhelming physics background from the decay
K0
L → γγe+e−). The CP-conserving contribution toK0

L → π0e+e− is associated with two-photon ex-
change and its estimate can be constrained by the measurement ofK0

L → π0γγ.
In terms of the invariant variables

y =
pK · (q1 − q2)

m2
K

and z =
(q1 + q2)

2

m2
K

=
m2
γγ

m2
K

and in the approximation of CP conservation, the double differential rate for unpolarized photons is given by
an expression involving two amplitudes (A andB) corresponding to two different total angular momentum
states for the two gammas (J = 0 andJ = 2, respectively).

d2Γ
dydz

=
mK

29π3

{
z2|A+B|2 +

[
y2 − 1

4
λ

(
1, z,

m2
π

m2
K

)]
|B|2

}

with
λ (x, y, z) = x2 + y2 + z2 − 2 (xy + xz + yz) .

The existing experimental information[19] gives aB ∼ 1 × 10−7 and shows az distribution concen-
trated at high values (z > 0.3), indicating a dominance of theA amplitude. This value would lead to a small
contribution of two-photon exchange toπ0e+e− because, in the coupling to two electrons, theJ = 0 ampli-
tude (A) is subject to helicity suppression. This conclusion is not without problems for theχPT description
of this decay[20]. The calculation atO(p4) would indeed predict a vanishingB amplitude, but it underesti-
mates the rate (K0

L → π0γγ) by a factor of 3. This situation has led theorists to consider contributions that
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go beyondO(p4). The processes include vector meson contributions for which phenomenological models
have been formulated. Experimental information on this rather complicated situation requires a study of the
z distribution in the lowz region, where current data are insufficient. In KOPIO this will require adequate
suppression of the2π0 background, which is important in thisz region.

TheK0
L → π0π0γ decay proceeds throughO(p6) terms inχPT . There is a conflict in the prediction

of the rate with Heiliger and Sehgal[21] predicting∼ 1× 10−8, while Ecker, Neufeld and Pich[22], predict
∼ 7 × 10−11. KOPIO should be able to reach below the existing limit of NA31[23]; (B(KL → π0π0γ <
5.6× 10−6).

14.5 K0
L beta decay,K0

L Lifetime, and Taggedπ0 Decays

The sample of∼ 1014 kaon decays that KOPIO expects to accumulate will allow for many precision
measurements.

KOPIO has the potential to measure the beta decay of theK0
L, K0

L → Keν. The highly constrained
kinematics of this low-Q2 decay may make it possible for KOPIO to measure its branching ratio. Current
estimates predict a branching ratio near10−8. We would look for the decayK+ → π+π0 with a displaced
vertex. Theπ0 would be reconstructed as inK0

L → π0νν. Because theK+ has nearly the same momentum
as theK0

L, the energyE∗(π0) of theπ0 in the kaon rest frame will have a peak characteristic of two-body
decay. The electron comes away with very low energy. Another handle to suppress the major background,
K0
L → π+π0eν, is the angle between the two pions. They are nearly back-to-back in the kaon beta decay,

but are produced at small angles in the background decay. In addition to the measurement of this rare decay
mode, the beta decay measurement holds the potential to yield theK0

L −K+ mass difference to a precision
of ∼10 keV.

The current value for theK0
L lifetime is measured to∼1%. The large sample of2π0 and3π0 decays

will give us the opportunity to do much better. It also allows for tagging ofπ0 decays by using either the2π0

or 3π0 decay mode. From this sample, we may well be able to improve on the measurement ofπ0 → e+e−

which has a branching ratio of6.2 × 10−8, or improve on the 90% C.L. upper limit forπ0 → νν, which is
currently1.7× 10−6.
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15 Operations Plan

The first KOPIO operations are currently scheduled for the third and fourth years of the construction
project with a total of 840 hours at low duty factor for beam tests (as presented at the November 4–5, 2004
RSVP AGS Review). The goals of these beam tests are to verify the performance of the neutral beam (KL

production, neutron halo, ambient rates), the microbunching system (beam bunch width, interbunch extinc-
tion), and prototype detectors for each subsystem (rates, thresholds, efficiencies, double-pulse resolutions).

An engineering run of 800 hours is scheduled during the last year of the construction project. The
primary purpose of this run is to verify the performance of the entire detector system, smoke out any problem
channels, and calibrate the entire detector. During this run for 200 hours, assuming that the detector is
essentially fully debugged, KOPIO should reach a world record sensitivity of better than1×10−10 (eclipsing
the expected limit from E391a at KEK).

To achieve the full sensitivity discussed in previous chapters, KOPIO requires 12,000 hours of physics
operation with a proton intensity of 100 Tp/spill. The KOPIO experiment has been optimized from Monte
Carlo studies of rates and detector performance to run with 100 Tp/spill of 25.5-GeV/c protons, an AGS
cycle of 5.3s/7.6s, and an expectedKL flux of 2.9×108/spill through the spoiler. After actualKL production,
rates, and detector performance have been measured, the experiment can be re-optimized, if necessary, by
adjusting the spill length. Based on calculations by the Collider Accelerator Division (CAD), the AGS should
be able to run with spill lengths of up to 6–7 seconds at the nominal AGS momentum of 25.5 GeV/c. Should
KOPIO find an optimum spill length greater than such values, then the AGS momentum can be lowered
commensurately at the cost of a small reduction in theKL flux. We assume an interspill time of 2.3 seconds
with 6 Booster transfers to the AGS per cycle, as has been successfully operated in 1998 and 2001–02.
With the current simulation of operating conditions, a sensitivity per hour of1.8 × 10−9 is achieved. The
dependence on spill length is shown in Figure13.1.

The physics program of KOPIO has two phases: 1) the first year of operations (2500 hours) will give
KOPIO a five sigma discovery potential of any new physics to the level of B(K0

L → π0νν̄) ≥ 1 × 10−10,
and 2) the remainder of the running will yield a sensitivity 200 times below the SM prediction and give a
precise measurement ofη or a five sigma discovery of new physics at B(K0

L → π0νν̄) ≥ 5× 10−11.
Given the substantial CAD fixed labor cost of operating a high intensity program at the AGS, the most

cost-effective plan for running RSVP will be one that maximizes the number of weeks run in each year. The
CAD plan, based on an assumption of 27 weeks per year of RHIC operations, allows a minimum (maximum)
of 15 (19) weeks per year of RSVP operations along with RHIC and 10 weeks per year outside of RHIC
operations. The available running time per week with RHIC is currently estimated as 80 hours, and without
RHIC it is 120 hours. Following the RSVP AGS Review of November 4–5, 2004, we assume an average
of 27 weeks per year (17 weeks with RHIC and 10 weeks without RHIC). The total running time per year
would be 2560 hours (1360 + 1200). If we assume 2 weeks per year for tune-up, we are left with 2400
hours/year. The KOPIO exposure could therefore be completed with five years of running.
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16 Summary

In this Conceptual Design Report, the scientific motivations, techniques, and instrumentation associated
with the KOPIO measurement ofK0

L → π0νν̄ have been described. Many promising approaches to physics
beyond the Standard Model (SM) will be tested by this high sensitivity measurement, and the results will
be complementary to measurements at the high energy frontier. For instance, if supersymmetry or other
new physics were to be discovered at the LHC, the results from KOPIO would be critical for unraveling
whether the flavor structure of this new physics is governed by the SM Yukawa couplings (e.g. Minimal
Flavor Violation) or whether there are new sources of CP violation with a new flavor structure.

The goal of KOPIO is to uncover new physics processes, if they are present, inK0
L decays that have

experimental signatures similar to that ofK0
L → π0νν̄. KOPIO’s sensitivity will extend below the SM

prediction for theK0
L → π0νν̄ branching ratio. In the absence of a non-SM result, KOPIO will obtain a

precision of 10% or better on theK0
L → π0νν̄ branching ratio at the SM level resulting in the single most

precise measurement of the parameter governing CP violation in the SM. The KOPIO approach results in
an experiment that under all assumptions explores the most fundamental aspects of particle physics.

The basic features of the measurement involve an intense microbunched beam of 100×1012 protons on
target during each spill of the AGS used to produce an intense carefully collimated neutral kaon beam. The
detection system employing a unique high efficiency, high resolution pointing calorimeter is used to identify
the singleπ0 signal in the decaying kaon’s center-of-mass system while highly efficient photon veto and
charged particle vetos ensure that no other particles were present in coincidence.

The techniques to be used in KOPIO to achieve unprecedented levels of sensitivity involve advances
to aspects of accelerator and detector technology including 25-MHz microbunching at full intensity, photon
and charged particle detection efficiency, and pointing and sampling calorimeter resolution. However, all
important principles of the technique have been tested experimentally with prototypes and/or studied with
extensive simulations. The maximal levels of information obtained on the characteristics of each event,
including measurements of kaon time-of-flight, energy, position, and angle of photons, and the absence of
addtional coincident detected particles, allow suppression of backgrounds to the required level and foster
the robustness of the approach.
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